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[57] ABSTRACT 

A reactor arrangement and process for indirecdy contacting 
a reactant stream with a heat exchange stream uses an 
arrangement of corrugated heat exchange plates to control 
temperature conditions by varying the number and/or the 
arrangement of the corrugations along the plates. The reactor 
arrangement and process of this invention may be used to 
operate a reactor under isothermal or other controlled tem- 
perature conditions. The variation in corrugation arrange- 
ments within a single heat exchange section is highly useful 
in maintaining a desired temperature profile in an arrange- 
ment having a cross-flow of heat exchange medium relative 
to reactants. The corrugations arrangement eliminates or 
minimizes the typical step- wise approach to isothermal 
conditions. 

19 Claims, 13 Drawing Sheets 
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PROCESS AND APPARATUS FOR 
CONTROLLING REACTION 
TEMPERATURES 

FIELD OF THE INVENTION 

This invention relates to chemical reactors for the con- 
version of a reaction fluid while indirectly exchanging heat 
with a heat exchange fluid. 

BACKGROUND OF THE INVENTION 

In many industries, like the petrochemical and chemical 
industries for instance, the processes employ reactors in 
which chemical reactions are effected in the components of 
one or more reaction fluids under given temperature and 
pressure conditions. Many of these reactions generate or 
absorb heat, to various extents, and are, therefore, exother- 
mic or endothermic. The heating or chilling effects associ- 
ated with exothermic or endothermic reactions can posi- 
tively or negatively affect the operation of the reaction zone. 
The negative- effects can include among other things: poor 
product production, aleactivation of the catalyst, production 
of unwanted by-products and, in extreme cases, damage to 
the reaction vessel and associated piping. More typically, the 
undesired effects associated with temperature changes will 
reduce the selectivity or yield of products from the reaction 
zone. 

One solution for controlling the changes in temperature 
associated with the heats of various reactions has been to 
operate several adiabatic reaction zones with intermediate 
heating or cooling between the different reaction zones. In 
each adiabatic reaction stage* all of the heat liberated or 
absorbed during the reaction is transmitted directly to the 35 
reactive fluid and the reactor internals. The degree of heat 
release and the tolerance for temperature change determines 
the total number of adiabatic reactor zones required in such 
arrangements. Each zone or adiabatic stage of reaction adds 
significantly to the overall cost of such a process due to the ^ 
equipment expense of adding piping and heaters or coolers 
for intermediate stages of heat transfer to a reactant that 
passes through the reaction zones. Therefore the number of 
adiabatic steps is limited and such systems offer at best a 
stepwise approach to isothermal or other controlled tem- 
perature conditions. Moreover, the breaking up of a reaction 
zone into a series of reactors with intermediate heating or 
cooling of reactants, especially interferes with reactor 
arrangements that have continual addition and withdrawal of 
catalyst from the reaction zone- 
Other solutions to the problem of temperature control 
under the influence of different heats of reaction have 
employed direct or indirect heating or cooling within the 
reaction zone. Direct heating or cooling utilizes a compen- 
sating reaction having a directionally different heat require- 
ment that occurs simultaneously with the principal reaction. 
The counter balancing reaction offsets heat release or heat 
adsorption from the principal reaction. One of the simplest 
forms of such an arrangement is an endothermic process that 
uses oxidation of hydrogen to heat reactants in an endot- 
hermic reaction. 

Another solution has been the indirect heatmgo frejCjants^ 
anoVor catalysts within a reaction zonejw^TlS^^g^" 
cooling medium. The mbsTweflp:6wn catalytic reactorfof J 
, uhis type are tubulafarrarigements that have fixed or moving 65 
bed catalysts. The geometry of tubular reactors poses layout 
constraints that require large reactors or limit throughput. 



45 



50 



55 



60 



Indirect heat exchange has also been accomplished using 
thin plates to define channels that alternately retain catalyst 
and reactants between a heat transfer fluid for indirectly 
heating or cooling the reactants and catalysts. Heat exchange 
plates in these indirect heat exchange reactors can be flat or 
curved and may have surface variations such as corrugations 
to increase heat transfer between the heat transfer fluids and 
the reactants and catalysts. Although the thin heat transfer 
plates can, to some extent, compensate for the changes in 
temperature induced by the heat of reaction, the indirect heat 
transfer arrangements are not able to offer the complete 
temperature control that would benefit many processes by 
maintaining a desired temperature profile through a reaction 
zone. 

Many hydrocarbon conversion processes will operate 
more advantageously by maintaining a temperature profile 
that differs from that created by the heat of reaction. In many 
reactions, the most beneficial temperature profile will be 
obtained by substantially isothermal conditions. In some 
cases, a temperature profile directionally opposite to the 
temperature changes associated with the heat of reaction will 
provide the most beneficial conditions. An example of such 
a case is in alehydrogenation reactions wherein the selec- 
tivity and conversion of the endothermic process is 
improved by having a rising temperature profile, or reverse 
temperature gradient through the reaction zone. 

A reverse temperature gradient for the purposes of this 
specification refers to a condition where the change in 
temperature through a reaction zone is opposite to that 
driven by the heat input from the reaction. In an endothermic 
reaction, a reverse temperature gradient would mean that the 
average temperature of the reactants towards the outlet end 
of the reaction zone have a higher value than the average 
temperature of the reactants at the inlet end of the reaction 
zone. In an opposite manner, a reverse temperature gradient 
in an exothermic reaction refers to a condition wherein 
reactants towards the inlet end of the reactor have a higher 
average temperature than the reactants as they pass toward 
the outlet end of the reaction section. 

It is an object of this invention to provide a reactor that 
offers greater temperature control of reactants by the indirect 
heating or cooling of a reaction stream by a heat exchange 
fluid within a reaction zone. 

It is a further object of this invention to provide a process 
and apparatus used for indirect heat exchange of a reactant 
stream with a heat exchange stream for controlling the 
temperature profile through the reaction zone. 

Another object of this invention is to provide a process 
that uses indirect heat exchange with a heat exchange fluid 
to maintain substantially isothermal conditions or a reverse 
temperature gradient through a reactor. 

It is a yet further object of this invention to provide a 
reactor arrangement and process that facilitates the continu- 
ous transfer of catalyst through a reaction zone that indi- 
rectly contacts a reactant stream with a heat exchange fluid. 

BRIEF SUMMARY OF THE INVENTION 

This invention is a chemical reactor and a process for 
using a chemical reactor that employs an arrangement of 
heat exchange plates within the reactor that will maintain 
reactor temperatures within a desired range during the 
reaction. Two plate arrangement parameters are varied with 
the process and reactor arrangement of this invention. The 
plates used in this reactor arrangement will have corruga- 
tions formed over the length of the plate for improving heat 
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transfer across the plates. One of the plate parameters: 
afFected by this invention is the relative geometry of the ; 
corrugations over different portions of the plates. The other : 
parameter controlled in accordance with this invention is a : 
variation in the number of channels, also, expressed the : 5 
spacing between heat exchange plates.over the. length of a 
heat exchange zone in a reactor. By varying either or both of .,~ 
these parameters, applicants have discovered that a variety 
of temperature profiles including substantially isothermal or- 
even reverse temperature gradients can "be achieved in a •'■ 
reaction-zone. 

This invention will permit desired control of temperatures ; 
through a reaction, zone; Preferably this invention will 
maintain the desired inlet and; outlet temperatures within 10° 
F. and more- preferably within 5° F. of desired temperature 
difference. Where- isothermal conditions are desired the inlet 
and outlet temperature are equal, such that one requirement : 
of the substantially isothermal conditions; described in this / 
invention is that the mean inlet and; outlet temperature vary 
by no more than 10° F. and preferably by no more than 5° 
f. ' ; ;" ' ... . .. . 

A process and catalyst reactor arrangement that uses this 
invention may use single or multiple reaction zones within ■ 
a reactor vessel. The advantage of this invention is that; the 
reactor vessel can provide the desired temperature; gradient 25 
without, intermediate withdrawal and recycling of reactahts 
or heatexchange medium between the inlet and outlet "of the 
, reactor. The multiple reaction zones within the reactor vessel 
can be used to accommodate variations in the depth or pitch 
angle of the corrugations in the heat exchange plates or 3Q 
changes in the number of heat exchange plates that define 
the flow channels of the invention. 

Accordingly, in an apparatus embodiment, this invention 
is a reactor for controlling temperature profiles in a reaction 
zone! The reactor has a plurality of spaced apart plates with 35 
each plate having an extended length and defining a.bound- 
ary of a heat exchange flow channel on one side of the plate 
and a boundary of a reaction flow channel on an opposite 
side of the plate. Each plate defines first corrugations having 
a first/depth and a first pitch angle in a first" portion of the 40 
plate and defines second corrugations in a second portion of 
the plate. The first plate portion is spaced away from the . 
second portion along the length of the plates. The second - 
corrugations have a second depth and, second pitch angle 
wherein at least one of the second depth and pitch angle 45 
varies from the first depth and pitch angle. The apparatus 
includes means for passing a reaction fluid along a first flow 
path through a plurality of the reaction flow channels defined 
by the plates. The apparatus can also include means for 
contacting the reaction fluid with a catalyst. The invention. 50 
also includes a means for passing a heat exchange fluid . 
through a plurality of the reaction flow channels defined by 
the plates along a . second flow path. 

The primary control parameter of this invention that 
allows each individual reaction zone to operate at or near a 55 
desired temperature profile is a variation in the pitch angle 
of the corrugations. Heat transfer enhancement .provided by . 
corrugations in the thin plates- increases as the corrugations 
become transverse to the flow of the heat exchange fluid. For 
example, in the case of an endothermic reaction, arranging 60 
the corrugations in a more parallel fashion with respect to . 
the heat transfer fluid at the inlet of the reaction zone and the 
corrugations in a more transverse fashion toward the outlet 
end of the reaction zone will provide less heat transfer from 
the heat transfer fluid at the inlet side than at the outlet side. 65 
of the reaction . zone. . In this manner,, the increased heat 
transfer of the corrugations toward the outlet of the reaction 



zone, compensates for loss, in temperature of the heat.; 
exchange fluid as it passes through the reaction zone. The^ 
pitch angle, of the corrugations , may also be varied to ■■. 
compensate for any increasing heat requirements necessi- : 
•tated by : the stage of reaction: within the reaction zone. In this . • 
manner the variation in corrugation pitch allows the single • 
pass of heat transfer fluid to maintain a desired.temperature ) 
profile: despite any, loss of heat transfer fluid temperature as % 
it. passes through the reaction zone. In more complex.;, 
arrangements, it niay also be possible to alter the heatV 
transfer coefficient along the length of the reaction zone by : 
changing the depth; of the corrugations. However, the am-j ;. 
plest and primary; means for controlling the temperature 1 ■ 
. within the reaction zone is by varying the pitch angle of the: 
corrugations from more parallel to more transverse - with 
respect to the heat exchange fluid flow. 
: Changes in heat transfer fluid-temperature may be further- . 
offset! by. varying the number of flow channels in different^ 
reaction sections - of a single plate exchanger reaction * 
arrangement; For a given cross sectional flow area, increas- : 
; ing.the number of flow channets:decreases the space or gap ; : 
between plates, increases the number of plates and increases 
heat transfer. By increasing the number of flow channels^ the 
plate .exchange surface area is increased relative to other 
reaction sections to achieve a rnorecomplete approach^) the. ; 
maximum temperature of thereat transfer fluid. Application 
of the flow channel variation to an endothermic reaction 
: would pass the heating fluid into a reactor and into a first- : 
reaction section having plates defining a first number of. flow, ■ 
channels. For the purposes of this description a reaction 
section refers to an arrangement of plates defining a fixed 
number of spaces between the plates. The heating fluid; . 
would . then flow out of a first reaction section . into } a; 
redistribution manifold and then, into a -second reaction 
section having a greater number of plates that define- an 
increased number of flow channels for the heating fluid and 
for thereactants. In such an arrangement, the combination of 
pitch angle variations in the corrugations of each reaction 
section would maintain the desired temperature profile 
within each reaction section and the increase in the number 
of plates or flow channels will maintain overall average 
temperatures from reaction section to reaction section within 
a single system of reaction sections. Both of these effects 
will allow temperature conditions within a process to be 
beneficially controlled. 

Accordingly, in a process embodiment, this invention is a. 
process for controlling the temperature of a reactant stream 
in a chemical reaction by indirect heat exchange with a heat 
exchange fluid across a multiplicity of plate, elements; The 
process passes a heat exchange fluid from a heat exchange 
inlet to a heat exchange outlet through a first set of elongated 
channels formed by a first side of the plates. The process also 
passes a reactant; stream from a reactant inlet to a reactant 
outlet through a second set of channels formed by a second 
side of the plates. The reactant stream may contact a catalyst 
in the second set of channels. The process exchanges heat 
between the heat exchange fluid and the reactant stream by 
contacting at least the reactant or the heat exchange fluid 
with corrugations ;formed by the plates and having a pitch, 
pitch angle, or corrugation depth adjacent to the reactant. 
inlet or the heat exchange inlet that differs from the pitch, 
pitch angle or corrugation depth adjacent to the heat 
exchange outlet or the reactant outlet. 

The process, may be useful in a wide variety of catalytic 
reactions. This invention is most beneficially applied to 
catalytic conversion process having high heats of reaction. 
. Typical reactions of this type are hydrocarbon conversion 
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reactions that include: the aromatization of hydrocarbons, 
the reforming of hydrocarbons, the dehydrogenation of 
hydrocarbons, and the alkylation of hydrocarbons. Specific 
hydrocarbon conversion processes to which this invention 
are suited include: catalytic dehydrogenation of paraffins, 5 
reforming of naphtha feed streams, aromatization of light 
hydrocarbons and the alkylation of aromatic hydrocarbons. 

The reaction zones for the process of this invention may 
indirectly contact the reactants with the heat exchange fluid 
in any relative direction. Thus, the flow channels and inlet 10 
and outlets of the reaction zones may be designed for 
cocurrent, countercurrent, or cross-flow of reactant and heat 
exchange fluid. Preferred process arrangements for practic- 
ing this invention will pass reactants in cross-flow to the heat 
exchange fluid. Cross-flow of reactants is generally pre- 15 
ferred to minimize the pressure drop associated with the 
flow of reactants through the reactor. For this reason, a 
cross-flow arrangement can be used to provide the reactants 
with a shorter flow path across the reaction zone. 

The shorter flow path, particularly in the case of the 20 
reactant stream contacting heterogeneous catalysts, reduces 
overall pressure drop of the reactants as they pass through 
the reactor. Lower pressure drops can have a two-fold 
advantage in the processing of many reactant streams. 
Increased flow resistance i.e., pressure drop, can raise the 25 
overly operating pressure of a process. In. many cases, 
product yield or selectivity is favored by lower operating 
pressure so that minimizing pressure drop will also provide 
a greater yield of desired products. In addition, higher 
pressure drop raises the overall utility and cost of operating 30 
a process. 

It is also not necessary to the practice of this invention that 
each reactant channel be alternated with a heat exchange 
channel. Possible configurations of the reaction section may 35 
place two or more heat exchange channels between each 
reactant channel to reduce the pressure drop on the heat 
exchange medium side. When used for this purpose, a plate 
separating adjacent heat exchange channels may contain 
perforations. 40 

Additional embodiments, arrangements, and details of the 
invention are disclosed in the following detailed description 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 45 

FIG. 1 is a schematic representation of a catalytic reaction 
section of this invention showing a preferred direction for 
the circulation of fluids and catalyst. 

FIG. 2 is a schematic front view of a plate that forms a 50 
portion of the channels in the catalytic reaction section of 
this invention. 

FIG. 3 is a schematic exploded view of a catalytic reactor 
arranged in accordance with this invention. 
FIG. 4 is a sectional view taken at section 4 — 4 of FIG. 55 

3. 

FIG. 5 is a diagrammatic perspective view of a catalytic 
reactor of this invention with a star shaped arrangement of 
reactor stacks. 

FIG. 6 is a transverse section view of the reactor arrange- 
ment represented in FIG. 5. 

FIG. 7 is a transverse section view of an alternate interior 
arrangement for the reactor of FIG. 5. 

FIG. 8 is a diagrammatic elevation view of a typical 65 
catalytic reaction stack forming the star shaped arrangement 
of FIG. 5. 
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FIG. 9 is a sectional view along the line 6 — 6 of FIG. 8. 
FIG. 10 is a diagrammatic perspective view of a catalytic 
reactor of this invention with a polygonally shaped arrange- 
ment of reactor stocks. 
FIG. 11 is a section view along the line 11 — 11 of FIG. 10. 
HG. 12 is a section view along the line 12 — 12 of FIG. 
10. 

FIG. 13 is a partial diagrammatic elevation view of an 
alternate reaction stack arrangement according to this inven- 
tion. 

FIG, 14 is a section view along the line 14 — 14 of FIG. 
13. 

FIG. 15 is a transverse section view of another polygonal 
reactor arrangement according to the invention. 

FIG. 16 is a process flow diagram of a dehydrogenation 
process according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

By its very design, the reactor according to this invention 
has the advantage of maintaining, with simple means, 
desired temperature profiles including isothermal or reverse 
gradient temperature conditions during the flow of the 
reactive fluid in the reactor, by means of a heat transfer 
medium. 

The process and reactor arrangement may use homoge- 
neous or heterogeneous catalysts, Homogeneous catalyst 
will typically comprise liquid catalysts that flow through 
reaction channels along with the reactants and are separated 
for recovery and recycle outside of the reaction zone. This 
reactor arrangement provides particular benefits with het- 
erogeneous catalysts that are typically retained within the 
reactant channels by the corrugated plates and permeable 
members that retain the catalyst but permit the flow of 
reactants therethrough. In most cases, the heterogeneous 
catalyst will comprise particulate material retained between 
the plates and the reactor may be arranged to permit the 
continuous addition and withdrawal of particulate material 
while the reactor is on stream. 

The type and details of the reactor arrangements contem- 
plated in the practice of this invention is best appreciated by 
a reference to the drawings. FIG. 1 is a schematic represen- 
tation of a catalytic reactor section designed to effect a 
catalytic reaction on a reactant fluid while using indirect heat 
exchange with a heat transfer fluid to maintain favorable 
reaction temperatures as the reactant fluid flows through the 
reaction section. To this end, the catalytic reaction section 
comprises a stack of parallel plates 10 of the type repre- 
sented in FIG. 2. Each plate 10 has a central part 12 that 
forms inclined corrugations 13. Preferably each plate 10 will 
also contain smooth edges 11 that facilitate the assembly of 
multiple plates into channels. Referring again to FIG. 1, each 
plate 10 is stacked next to adjacent plates 10 to form two 
circulation systems, the first one A for a flow of a reactive 
fluid and the second one B for flow of an auxiliary fluid. 
Together FIGS. 1 and 2 define specific circulation systems A 
and B, wherein the reactive fluid and the heat exchange fluid 
respectively, flow in crosswise directions, i.e. perpendicular 
and through alternate channels formed between adjacent 
plates 10. 

Suitable plates for this invention will comprise any plates 
allowing a high heat transfer rate and which are readily 
formed into a stable corrugated pattern. The plates may be 
formed into curves or other configurations, but flat plates are 
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generally preferred for slacking; purposes. Thin plates are. - 
preferred and .typically have:a thickness of from 1 to 2 mm. 
The plates are typically composed of ferrous or non-ferrous ; 
alloys such as stainless steels. - 

Referring again to. FIG. 2 variation in the. corrugation 5 
arrahgement is a preferred method, for controlling the tem- 
perature profile. The plate arrangement for FIG. 2 represents 
a typical corrugation pattern for an exothermic or endother- 
micprocess-In.order to maintain a substantially isothermal ; 
or rising temperature profile in such a preferred arrangement. !° 
the heat transfer fluid flows downwardly through the corru- 
gations on one side-of the plate and the reactant stream flows -■■ 
horizontally across the plate on an opposite side. : At the ■ - 
upper inlet end the pitch angle of the corrugations is small, 
i.e. the principle direction of the corrugations approach a 15 
parallel alignment with the heat exchange fluid flow. At the 
lower end of the plate where the heat exchange fluid exits, : 
the pitch angle of the corrugations is wide to increase 
relative heat transfer, i.e. the principle direction of the 
corrugations approach a perpendicular or transverse align- 
ment with respect to the heat exchange fluid flow. Corruga- 
tion pitch angles can be in a range of from greater than 0° 
to less than 90° degrees. Typically the corrugation pitch 
angle from an inlet to an outlet section of a plate will range 
from about 10° to 80°, and more typically in a range of about 
15 e to 60°. In a particularly preferred arrangement, the plates 
will make an angle of less than 30° at the. inlet end of the 
plate and an angle of more than 35° at the outlet end of the 
plate. The varying corrugations may be formed in a con- 
tinuous plate section or the plate section of the type shown 
in FIG. 2 may be made from several plates having corru- 
gations at different pitch angles: 

The corrugated plates may be spaced apart or positioned 
against adjacent plates to form the alternate flow channels. . h~f{a,e t dp) 
Narrow spacing bctween the plates is preferred to maximize :[ ' 
heat transfer surface. Preferably the corrugation pattern will 
be reversed between adjacent plates in a reactor section. In 
this manner the general herring bone pattern on the faces of . 
opposing corrugated plates will extend in opposite directions : , 
and the opposing plate faces may be placed in contact with 
each, other to form the flow channels and provide structural : 
support .to the plate sections.. 

Preferably system A, in which the reactant fluid circulates, 
includes a heterogenous catalyst in the form of particles. The , 
catalyst particles typically comprise grains of a small size. 
The ; particles may; take on any kind of shape, but usually ,- u '■ 
comprise small spheres or cylinders. 

In addition, for the purpose of catalyst loading and 
unloading, the catalytic reactor may include means for 5 q 
passing catalyst through the metant channels, FIG. 1 shows - 
such means, 31, schematically represented, for distributing 
catalyst in the channels of system A, and in its lower part, 
means 32, schematically represented, for collecting catalyst 
during replacement operations. 55 
FIGS. 3 and 4 represent a highly schematic: reactor: ./ 
arrangement of the invention showing a generalized arrange — 
ment of plates assembled into alternate channels: (In order 
to simplify the drawing the corrugations have not been, 
shown,) For this purpose, spacers 14 are attached, as rep- 60 
resented in FIG. 3, by a suitable method such as welding : . 
along the sides of plates 10 to form channels 20, which are 
open along opposite vertical sides the reactor arrangement. . . 
for the flow of reactant fluid as! shown by arrows A (system 
A), and channels 30; which are open at the top and bottom 65 
of the reactor arrangement for the flow of heat exchange 
fluid as shown by the arrows B (system B). , 



When flowing through. particle containing channels 20 of -■; 
system A, the reactant fluid undergoes a catalytic reaction j 
accompanied .by. a. liberation or, an absorption of. heat. The ; 
function of the heat; exchange -fluid circulating in : system B iV 
is to convey the heat to be added to or removed from the;;: 
reactive fluid, in order to maintain -favorable reaction con- . - 
ditions Such conditions can again include isothermal con-; ; 
options during the circulation of the afore-mentioned reac- :i ; 
tive fluid in the catalytic reactor; or a reverse temperature -V 
gradient; The heat exchange fluid is either a gas or a liquid; ;- 
depending on the specific operating conditions of each: 
process,, v . . 

The specific heat- transfer relationship, for the: plate 
exchange is established by the fundamental equation 
expressing heat transfer between :two fluids. This relation? 
ship is as follows: 



P=hxSxLMTD 

where:: ; - . . ' 

P is the mount of heat exchanged, h is the local or overall : 1 
heat transfer coefficient, S is the heat exchange area between 
fluids, and LMTD is the . logarithmic mean temperature , 
difference; 

The logarithmic mean temperature, difference is readily 
determined by the desired temperature difference at any ; : 
point along the plate. 

For a series of corrugated plates defining alternate chan- 
nels of catalyst particles and heat exchanger fluid, the local 
or overall heat transfer coefficient. can be calculated by using 
the following equation*. 



where a is the pitch angle of the corrugations, e is the 
distance between two plates 10, and dp is the equivalent 
diameter of catalyst particles. 

Appropriate values of h can be established by modeling or 
computed using known correlations for establishing; heat 
transfer coefficients over corrugated surfaces and, where 
present, through , particle beds. Correlations for. localized 
heat transfer through rparticle -beds, may .be found in Leva, 
Irid: Eng. Chem.; 42, 2498 (1950); Correlations ' for- heat 
transfer along corrugations are presented in AIChE Sympo- 
sium Series Nq.: 295; Vol. 89 Heat Transfer Atlanta (1993): 
The area of exchange between the reactive fluid and the 
auxiliary fluid can b& calculated by using the equation; 



S=exnxlxL- 

where: e is a correction factor for the elongation of the 
plates resulting from the corrugations, n is the number of . 
plates in contact with both heating and reactant fluids, 1 is the 
plate "width, and L is the plate length. 

By varying the number of plates and the characteristics of 
the corrugations, especially the pitch angle of the corruga-. 
tions ( .the invention provides means for maintaining desired; 
temperature" conditions in the reactant. fluid flow direction. 
. As shown in the embodiment, of FIG. 3, the means for 
controlling and maintaining temperature conditions consists^ 
of having distinct sections la, lfr,.lc, 2a . . \ 4b> 4c of heat 
exchange between the reactant fluid circulating in system A 
arid the heat exchange fluid circulating in system B, In FIG. 
3, the distinct heat exchange sections la, lb, lc, 2a , . . 4fc, 
4c are distributed in: the reactant fluid flow direction and in 
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the heat exchange fluid flow direction, so as to form rows 1, 
2, 3, and 4, and columns a, b, and c. In other arrangements 
of this invention, these distinct heat exchange sections can 
be distributed solely in the reactant fluid flow direction or 
solely in the heat exchange fluid flow direction. The total s 
number of distinct reaction sections defined in the entire 
catalytic reactor of FIG. 3 is obtained by multiplying the 
number of rows 1, 2, 3 and 4 by the number of columns a, 
b and c. All the heat exchange sections of a particular row 
have the same vertical height and all the heat exchange 10 
sections of a particular column have the same horizontal 
width. 

Varying the number of plates 10 as represented in FIGS. 
3 and 4 increases the heat exchange in the higher numbered 
rows or lowered lettered columns by adding heat exchange 15 
areas between the reactant fluid and the heat exchange fluid 
in each of the afore-mentioned sections. To obtain a varia- 
tion of heat exchange within sections la, lb, lc, 2a, lb . . 
. 4b, 4c, this invention modifies each of these sections by 
preferably varying the pitch angle of the corrugations. As 20 
represented in FIG. 2, the pitch angle of the corrugations 13 
can be more parallel in relation to the reactant fluid flow 
direction where a high transfer coefficient is required, and 
more transverse to the fluid flow direction in the heat 
exchange areas where a low transfer coefficient is required. 25 

The number of plates 10 can increase or decrease from the 
entry to the exit of the reactive fluid. FIG. 4 shows, as an 
example, a variation of heat exchange sections from a large 
number to a small number of plates 10 along the flow path 
of the reactive fluid. . 30 

Where the invention uses a heterogeneous catalyst, the 
catalytic reactor includes means for containing catalyst 15 in 
the channels 20 of the reactive fluid circulation system A. As 
shown in FIGS. 3 and 4, the catalyst containing means can 
consist of grids 16 placed on either side of channels 20 in 35 
each heat exchange area la, lb, lc,2a... 4b, 4c. These grids 
16 cover the whole width of channels 20, and the mesh size 
of each grid is inferior to the catalyst 15 grain size. 

In addition, where the catalytic reactor of this invention 
uses a multiplicity of distinct heat exchange sections (la, lb, 40 
lc, 2a. . . 4b, 4c), means for mixing and distributing the 
reactive and/or the heat exchange fluid are provided. As 
shown in FIG. 4, these means consist of connecting distri- 
bution spaces 21 located between the afore T mentioned heat 
exchange areas. 45 

FIGS. 5 and 6 diagrammatically show a more specific 
embodiment of a complete reactor arranged according to this 
invention. The reactor contains multiple reaction stacks with 
each stack containing multiple reaction sections. The reactor 
effects catalytic reaction of a horizontally flowing reactant 50 
fluid under controlled temperature conditions, by indirect 
contact with a vertically flowing heat transfer fluid while 
permitting movement of catalyst through the reaction stacks. 

The reactor comprises a vessel, of circular cross section, 
designated in its entirety by the reference 31 and shown by 55 
the dot-dash lines in FIG. 5. The vessel 31 includes a head 
32, for example of hemispherical shape, on which emerges 
a nozzle 33 for supplying heat exchange fluid, and a bottom 
head 34, for example of hemispherical shape, on which 
emerges a nozzle 35 for outlet of the heat exchange fluid. 60 

As shown in FIG. 6, the catalytic unit includes two 
concentric walls 31a and 31b which are arranged inside 
vessel 31 and between which walls are arranged reaction 
stacks 36. Reaction stacks 36 are vertical and distributed in 
a star configuration between walls 31a and 31b of vessel 31. 65 
FIG. 7 shows a variation of FIG. 6 wherein vessel 31 
constitutes outer wall 31a. The number of reaction stacks 36 



311 

10 

is preferably an even number and, in FIGS. 5-7, is equal to 
six. 

The sides of reaction stacks 36 define a portion of feed 
zones 37a, 37c and 37e arranged alternately between stacks 
36 for distributing the reactive fluid and a portion of recov- 
ery zones 37b, 37<i and 37/ arranged alternately between 
stacks for recovering the reactive fluid. Upper parts of the 
zones 37a, 37b . . . 37/ are blocked off by horizontal plates 
38, each arranged between the reaction stacks 36, and the 
lower parts of the zones 37a, 37b . . . 37/ are blocked off by 
horizontal plates 39, each arranged between the reaction 
stacks 36. The star arrangement gives each zone 37a, 37b . 
. . 37/ a triangular prismatic shape, with one of the apexes 
oriented towards the inside of the vessel 36. In other 
embodiments, not shown, each zone 37a . . . 37/ may be 
divided by a vertical wall into two half-zones with the 
subdivided parts of the zones providing one feed zone and 
one recovery zone. 

The feed zones 37a, 37c, and 37c are joined to means for 
inlet of the reaction fluid, which in one form comprises pipes 
42, and the recovery zones 37b, 37a 1 and 37/ are joined to 
means for discharging this reaction fluid which in one form 
comprise pipes 41. 

As shown in FIGS. 8 and 9, each reaction stack 36 
comprises a plurality of parallel plates 40. Hie plates 40 are 
arranged perpendicular to the radius of the vessel 31 and 
extend downwardly through each of the reaction stacks 36. 
Each plate 40 forms, together with the adjacent plates 40, the 
previously described circulation circuits A and B. Channels 
43 contain horizontal flow through circuit A for the passage, 
of the reactant fluid and channels 44 contain vertical flow 
through circuit B for the passage of the heat transfer fluid. 
The circuit A for circulation of the reactive fluid again 
contains a particulate catalyst 45. The reactor contains 
means for passing catalyst into the circuit A of each reaction 
stack 36 and means for withdrawing catalyst from the circuit 
A of each reaction stack 36. As shown in the specific 
arrangement of FIG. 5, catalyst feed pipes 46, the number of 
which is equal to half the number of reaction stacks 36, 
receive fresh catalyst particles. Each pipe 46 is divided into 
two sub-pipes 46a and 46b, that deliver catalyst particles to 
the upper part of reaction stack 20. 

A plurality of catalyst discharge pipes 47 are each con- 
nected with a lower part of each reaction stack 36. Pipes 47 
pass directly out of vessel 31 to improve catalyst removal. 
Catalyst particles may be removed from the reactor either 
periodically or continuously and returned to the reactor 
stacks after regeneration. 

FIGS. 5 and 8 show a diffuser 48 in the upper part of each 
reaction stack for distributing catalyst into circuit A and a 
collector 50 at the bottom of stacks 36 for withdrawing 
catalyst. Diffusers 48 may be fitted with internal baffles or 
corrugations 13 for distributing the catalyst. Each collector 
50 includes internal baffles or corrugations 51 to regulate the 
flow of the said catalyst into pipe 47. 

Each reaction stack 36 includes, in its upper part, at least 
one inlet for receiving the heat exchange fluid into circuit B. 
The inlet may be a single opening. FIGS. 5 and 8 show 
reaction stack 36 having the inlet in the form of two lateral 
bowl shaped inlets 52 each arranged on opposite sides of the 
corresponding reaction stack 36. Inlet 52 opens to the 
interior of vessel 31, which contains the heat exchange fluid 
from fluid nozzle 33. The heat exchange fluid is introduced 
into circuit B from inlet 52 by a distribution zone 52a. 

Each reaction stack 36 also typically includes, in its lower 
part, at least one collector for recovering the heat exchange 
fluid at the outlet of the circuit B. FIGS. 5 and 8 show each 
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reaction stack 36. having two lateral collectors 53, each, 
arranged on one side of the reaction stack 36 to receive heat : 
transfer fluid from a recovery zone 53a that communicates ■; 
with channels 44. The collectors communicate, via the open 
portion of the vessel, 31 below plate 39, with the outlet 5 
nozzle 35 for withdrawing the heat exchange fluid. . 

The embodiment shown in FIGS. 5-9 shows each reac- 
tion stack 36 divided into a plurality of reaction, sections 
36a,. 36b, 36c and 36*2 which are joined together by inter- 
mediate connecting zones 54. Connecting zones 30 serve as 10 
redistribution manifolds to permit the segregated passage of 
the heat exchange fluid and the catalyst between the various 
reaction sections 36a, 36b, 36c and 36<£ 

A typical mode of operation passes reactant fluid, heat 
exchange fluid and, optionally, catalyst through the reactor 15 
31. Reactant fluid enters reactor 31 via the pipes 42, passes ; 
into the feed zones 37a, 37c and 37e, then passes horizon- 
tally through two adjacent reaction stacks 36 via the circuit 
A and emerges in the recovery zones 376, 37 d and 37/ Pipes 
41 subsequently discharge the reactant fluid. The heat 20 
exchange fluid enters the upper part of the vessel 31 via the : 
nozzle 33, passes into the reactor stacks 36 via the inlet ', 
zones 52 and the distribution zone- 52a. The heat exchange 
fluid passes vertically through the reactor stacks 36 via the 
circuit B and exits the reaction stack 36 via the recovery 25 ; 
zones 53a and the collectors 53. The heat exchange fluid , 
emerges into the lower part of the vessel 31 and exits via the 
nozzle 35. Catalyst 45 enters circuit A of each reaction stack . 
36 via the pipes 46, the sub-pipes 46a and 46b and the ; 
diffuser 48 wherein the reactive fluid contacts the catalyst in 30 ; 
the circuit A. Collectors 50 and pipes 47 periodically or 
continuously withdraw catalyst from the bottom of reaction 
stack 36. 

In order to maintain the desired temperature profiles while 
the reactant fluid passes through the catalyst of each reaction 35 
section 36a, 36b, 36c and 36d t each section varies the pitch 
angle of the corrugations defined by plates 40. The number 
. of plates in each successive' downwardly located: reaction 
section 36(a-d) increases to progressively add surface area. . 
for heat exchange. between the reaction fluid and the heat 40 
exchange fluid down the length of each reaction stack 36. 

Preferably, 1 the reaction stacks 36 are kept under com- 
pression within vessel 31 by the heat exchange fluid. The , .. 
operating pressure of the heat exchange fluid is typically . 
regulated to a value , slightly higher than that of the reaction 45 
fluid. For this purpose,- the heat exchange fluid usually fills 
the vessel. 31 and surrounds the reaction stacks 36, 

The vessel 31, may have the reaction: stacks 36 located 
therein in a variety of different arrangements, Another type 
of arrangement as shown in FIG. 10 places the reaction so 
stacks such that the plates 40 are substantially parallel to the 
radius of a vessel 55. The arrangements of plates 40 parallel 
to the radius of vessel 55 provides a generally polygonal 
configuration for the reaction stacks. The reaction stacks - 
form a substantially circumferential ring within the reactor 55. 
vessel 55. 

In FIGS. 10-12, piping and duct arrangements for the 
delivery and recovery of reaction, fluids, heat exchange 
fluids, and catalysts are substantially similar to those 
described for the reactor arrangement of FIGS. 5-9 and all , 60 
details of the reaction stacks are also substantially similar to : 
those described. Catalyst particles enter the reactor vessel 10 
through nozzle 56. Diffusers 48' at the top of reaction stacks 
36* transfer the catalyst into the reaction stacks across upper . ■■' 
head 58. Nozzles 57. withdraw catalyst from the reactor. 65. 
stacks 36' through a collector of the type previously 
described and across lower head 59. The heat exchange fluid 



enters reactor 55 through a nozzle and fills the interior of 
vessel 55. The heat transfer fluid enters the reaction stacks; 
36' through an inlet 52' and. passes ttirough adjoining reac - 
tion sections by connecting: zones 54'. Collectors at the 
bottom of reactor stacks 36' discharge the heat exchange 5 
.fluid into a collection, manifold 61. Pipes 62 withdraw heat, 
exchange fluid from manifold 61. Pipes 63 collects heat 
exchange fluid from pipes 62 to withdraw the heat exchange . 
fluid from vessel 55. Additional details of manifold 61 and 
pipes 62 and 63 are shown in FIG^ 12. The reaction fluid', 
flows through vessel 55 from an inlet nozzle 64 to an outlet 
nozzle 65. Nozzle 64 distributes the reaction fluid to mul-- 
tiple distributor pipes. 66. Each distributor pipe 66 delivers: 
reaction fluid to a . distribution chamber 67. Each distribution 
chamber 67 covers the side. of. each -.reaction stack 36' that 
faces the interior of. the vessel 55. Distribution chambers 67 
have a closed bottom that forces the flow of reaction fluid 
across each reaction stack 36 ! and into a collector 68 that 
seals an opposite face of each reaction stack 36V The upper 
portion of each collector 68 is closed , to direct the exiting 
flow of reaction fluid into, conduits 69 for collection and 
withdrawal by nozzle; 65. 

. In another embodiment shown in FIGS. 13 and 14, the 
reactor stacks 36' are connected into a substantially polygon 
shape and housed by reactor vessel 55, Plates 70 shown in. 
FIG. 14 define an inner. distribution space 7 1 for the reaction 
fluid. As shown in FIG. 13,. an upper baffle 72 and a lower 
baffle 73 form the upper and lower boundaries of distribu- 
tion space 71. The reaction fluid enters the distribution space : 
across upper baffle 72 via nozzle 64 and flows from, inner 
distribution space 71 into an.outer collection space 74. Outer 
collection space 74 eliminates the necessity for collection 
piping and the reaction fluid exits the vessel directly from an 
open nozzle 65 (not shown). Unlike the previous reactor 
configurations, the embodiment of BGS: 13 and 14 shows . 
the reaction fluid, surrounding, the reaction stacks 36'. A. 
baffle 35, together with baffle 33 isolates the upper portion 
of vessel 55 to form a distribution chamber for delivery of 
the heat exchange: Quid into inlets, 52* in the manner previ- 
ously described,. The heat exchange fluid again exits the 
reactions stacks 36' through a manifold and piping system to 
substantially the same as that shown in FIGS. 10-12. Any 
flow of catalyst: practiced in the embodiment of FICJS, 13 
and, 14 occurs in essentially the same- manner ; as., that 
previously described. 

FIG. 15 shows an arrangement for reaction stacks 35' that 
combines the inlet distribution space of FIG. 13 and 14; with 
the collection baffles; shown in FIGS. 10-12. In the arrange- 
ment shown in FIG. 15, any catalyst flow again occurs in the 
same manner , as. that previously described. In regard- to 
reaction fluid, it flows into central chamber 71 in the manner 
associated with FIGS. 13-14 arid is collected and withdrawn- 
from the. reaction stacks 36' in the manner associated with : 
FIGS. 10-12. With the arrangement of reaction stacks as ; 
shown in FIG. 15; the flow of heat exchange fluid through v 
the reactor may be controlled with two different piping and: 
baffling arrangements; The entering heat exchange fluid may : 
surround the reaction stacks 36' and .fill the interior of vessel 
55 while a manifold system similar to that depicted in FIGS. 
10-42 withdraws the effluent heat exchange fluid. In another, 
arrangement, baffles such as those depicted in FIGS. 13 and 
14, seal. off an upper volume of vessel 55 to distribute, 
incoming heat exchange fluid to inlets 52* while the effluent 
heat exchange fluid surrounds reaction stacks 36' and- is 
withdrawn from, the open lower volume without the' use of 
any manifold, or piping system 

: Catalytic reforming is a well established hydrocarbon 
conversion process -employed in the petroleum refining 
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industry for improving the octane quality of hydrocarbon 
feedstocks, the primary product of reforming being motor 
gasoline. The art of catalytic reforming is well known and 
does not require extensive description herein. Briefly, in 
catalytic reforming, a feedstock is admixed with a recycle 5 
stream comprising hydrogen and contacted with catalyst in 
a reaction zone. The usual feedstock for catalytic reforming 
is a petroleum fraction known as naphtha and having an 
initial boiling point of about 180° F. (80° C.) and an end 
boiling point of about 400° F. (205° C). The catalytic 10 
reforming process is particularly applicable to the treatment 
of straight run gasoline comprised of relatively large con- 
centrations of naphthenic and substantially straight chain 
paraffinic hydrocarbons, which are subject to aromatizauon 
through dehydrogenation and/or cyclization reactions. 15 
Reforming may be defined as the total effect produced by 
dehydrogenation of cyclohexanes and dehydroisomerizaUon 
of alkylcyciopentanes to yield aromatics, dehydrogenation 
of paraffins to yield olefins, dehydrocyclization of paraffins 
and olefins to yield aromatics, isomerizadon of n-paraffins, 20 
. isomerizadon of alkylcycloparaffins to yield cyclohexanes, 
isomerizadon of substituted aromatics, and hydrocracking of 
paraffins. Further information on reforming processes may 
be found in, for example, U.S. Pat. No. 4,1 19,526 (Peters et 
at.); U.S. Pat. No. 4,409,095 (Peters); and U.S. Pat. No. 25 
4,440,626 (Winter et at), the contents of which are herein 
incorporated by reference. 

A catalydc reforming reaction is normally effected in the 
presence of catalyst particles comprised of one or more 
Group Via noble metals (e.g., platinum, iridium, rhodium, 30 
palladium) and a halogen combined with a porous carrier, 
such as a refractory inorganic oxide. The halogen is nor- 
mally chlorine. Alumina is a commonly used carrier. The 
preferred alumina materials are known as the gamma, eta 
and the theta alumina with gamma and eta alumina giving 35 
the best results. An important property related to the per- 
formance of the catalyst is the surface area of the carrier. 
Preferably, the carrier will have a surface area of from 100 
to about 500 m 2 /g. The particles are usually spheroidal and 
have a diameter of from about Vi6th to about Vsth inch 40 
(1.5-3.1 mm), though they may be as large as V4th inch (6.35. 
mm). A preferred catalyst particle diameter is Vieth inch (3.1 
mm). During the course of a reforming reaction, catalyst 
particles become deactivated as a result of mechanisms such 
as the deposition of coke on the particles; that is, after a 45 
period of time in use, the ability of catalyst particles to 
promote reforming reactions decreases to the point that the 
catalyst is no longer useful. The catalyst must be recondi- 
tioned, or regenerated, before it can be reused in a reforming 
process. 50 

In preferred form, the reforming operation will employ a 
moving bed reaction zone and regeneration zone. The 
present invention is applicable to moving bed and fixed bed 
zones. In a moving bed operation, fresh catalyst particles are 
fed to a reaction zone by gravity. Catalyst is withdrawn from 55 
the bottom of the reaction zone and transported to a regen- 
eration zone where a multi-step regeneration process is used 
to recondition the catalyst to restore its full reaction pro- 
moting ability. Catalyst flows by gravity through the various 
regeneration steps and then is withdrawn from the regen- 60 
eration zone and furnished to the reaction zone. Movement 
of catalyst through the zones is often referred to as continu- 
ous though, in practice, it is semi-continuous. By semi- 
continuous movement is meant the repeated transfer of 
relatively small amounts of catalyst at closely spaced points 65 
in time. A moving bed system has the advantage of main- 
taining production while the catalyst is removed or replaced. 



Another preferred hydrocarbon conversion process is the 
alkylation of aromatic hydrocarbons. In aromatic alkylation 
suitable aromatic feed hydrocarbons for this invention 
include various aromatic substrates. Such substrates can be 
benzene or alkylated aromatic hydrocarbons such as toluene. 
The acyclic feed hydrocarbon or alkylating agent that may 
be used in the alkylation reaction zone also encompasses a 
broad range of hydrocarbons. Suitable alkylating agents 
include monoolefins, diolefins, polyolefins, acetylenic 
hydrocarbons and other substituted hydrocarbons but are 
preferably C 2 -C 4 hydrocarbons. In the most preferred form 
of this invention, the alkylation agent will comprise CVC 4 
monoolefins. 

A wide variety of catalysts can be used in the alkylation 
reaction zone. The preferred catalyst for use in this invention 
is a zeolite catalyst. The catalyst of this invention will 
usually be used in combination with a refractory inorganic 
oxide binder. Preferred binders are alumina or silica. Pre- 
ferred alkylation catalysts are a type Y zeolite having an 
alumina or silica binder or a beta zeolite having an alumina 
or silica binder. The zeolite will be present in an amount of 
at least 50 wt. % of the catalyst and more preferably in an 
amount of at least 70 wt. % of the catalyst. 

The alkylation reaction zone can operate under a broad 
range of operating conditions. Temperatures usually range 
from 100° C. to 325° C. with the range of about 150°-275° 
C. being preferred. Pressures can also vary within a wide 
range of about 1 atmosphere to 130 atmospheres. Since 
liquid phase conditions are generally preferred within the 
reaction zone, the pressure should be sufficient to maintain 
the reactants in such phase and will typically fall in a range 
of from 10 to 50 atmospheres. Reactants generally pass 
through the alkylation zone at a mass flow rate sufficient to 
yield a liquid hourly space velocity from 0.5 to 50 hrs" 1 and 
especially from about 1 to 10 hrs" 1 . 

The alkylation zone is ordinarily operated to obtain an 
essentially complete conversion of the alkylating agent to 
monoalkylate and polyalkylate. To achieve this effect, addi- 
tional aromatic substrate will usually be charged to the 
reaction zone. Thus, the feed mixtures are introduced into 
the reaction zone at a constant rate and a molecular ratio of 
about 1 : 1 to 20: 1 aromatic substrate to alkylating agent with 
a ration of about 2: 1 to 10:1 being preferred. As a result, in 
addition to product there will usually be a substantial 
amount of unreacted aromatic substrate that is removed with 
the product stream from the alkylation reaction zone. Addi- 
tional details of aromatic alkylation processes can be found 
in U.S. Pat. No. 5,177,285, the contents of which are hereby 
incorporated by reference. 

Catalytic dehydrogenation is another example of an 
endothermic process that advantageously uses the process 
and apparatus of this invention. Briefly, in catalytic dehy- 
drogenation, a feedstock is admixed with a recycle stream 
comprising hydrogen and contacted with catalyst in a reac- 
tion zone. Feedstocks for catalytic dehydrogenation are 
typically petroleum fractions comprising paraffins having 
from about 3 to about 18 carbon atoms. Particular feedstocks 
will usually contain light or heavy paraffins. For example a 
usual feedstock for producing a heavy dehydrogenation 
products will comprise paraffins having 10 or more carbon 
atoms. The catalytic dehydrogenation process is particularly 
applicable to the treatment of hydrocarbon feedstocks con- 
taining substantially paraffinic hydrocarbons which are sub- 
ject to dehydrogenation reactions to thereby form olefinic 
hydrocarbon compounds. 

A catalytic dehydrogenation reaction is normally effected 
in the presence of catalyst particles comprised of one or 
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more Group VIII noble metals (e.g., platinum, iridium, 
rhodium, palladium) combined with a porous carrier, such as • 
a refractory inorganic oxide. Alumina is a commonly used v. 
carrier. The "preferred alumina materials are known as the . 
gamma, eta and theta alumina with gamma and eta alumina 5 
giving the best results. Preferably, the carrier will have a 
surface area of from 100 to about 500 m 2 /g. The particles are . ; , 
usually spheroidal and have a diameter of from about Visth . 
to about l/_th inch (1.5-3.1 mm)* though they may be as 
large as Vith inch(6.35 mm). Generally, the catalyst particles 10 
have a chloride, concentration of between 0.5 and 3 weight 
percent. During the course of a dehydrogenation reaction, 
catalyst particles also become deactivated as a result of coke 
deposition and require regeneration, similar to that described 
in conjunction with, the reforming .process; , therefore, in 15 
preferred form, the dehydrogenation process* will again . , 
employ a moving bed reaction zone and regeneration zone. 

Dehydrogenation conditions include a temperature of 
from about.400° to about 900° C, a pressure of from about 
0.01 to 10 atmospheres and a liquid hourly space velocity 20 
(LHSV) of from about 0. 1 to 1 00 hr~ \ Generally, for normal 
paraffins^ the lower the molecular weight the higher the 
temperature required for comparable conversions. The pres- . 
sure in the dehydrogenation zone is maintained as low as 
practicable, consistent with equipment limitations, to maxi- 25 
mize the chemical equilibrium advantages. The preferred 
dehydrogenation conditions of the process of this invention 
include a temperature of from about 400°-700° G, a pres^ . 
sure from about 0. 1 to 5 atmospheres* and a liquid hourly 
space velocity of from about 0.1 to 100 hr" 1 . 30 

The effluent stream from the dehydrogenation zone gen- 
erally will contain unconverted dehydrogenatable hydrocar- . 
bons,. hydrogen, and the products of dehydrogenation reac- ■ 
tions. This effluent stream is typically : cooled and passed to 
a hydrogen separation zone to separate a hydrogen-rich 35 
vapor phase from a. hydro carbon-ricb liquid phase. Gener- 
ally, the hydrocarbon-rich liquid phase is further separated 
by means of either a suitable selective adsorbent, a selective 
solvent, a selective .reaction or reactions or by means of a 
suitable fractionation scheme. Unconvened dehydrogenat- 40 
able hydrocarbons are recovered and may be recycled to the.. . 
. dehydrogenation zone. Products, of the dehydrogenation.. . 
reactions are recovered as final products or as intermediate . . 
products in the preparation of other compounds. 

The dehydrogenatable hydrocarbons may be admixed 45 
with a diluent gas before, while, or after being passed to the 
dehydrogenation zone.. The diluent material may be hydro- 
gen, steam, methane, carbon dioxide, nitrogen, argon and the 
like or a mixture thereof. Hydrogen is the preferred diluent. .; 
Ordinarily, when a. diluent gas is utilized ;as the diluent, it is ; 50 
utilized in amounts sufficient to ensure a diluent gas to . 
hydrocarbon mole ratio of about 0.1 to about 20, with best - 
results being obtained when the mole ratio range is about 0,5 
to 10. The diluent hydrogen stream passed to the dehydro- . 
genation zone will typically be recycled hydrogen separated 55 
from the effluent from the dehydrogenation zone in the 
hydrogen separation zone. 

, Water or a material which decomposes at dehydrogena- . 
tion conditions to form water such as an alcohol, aldehyde, . . 
ether or ketone, for example, may be added to the dehydro- 60 
genation zone, either continuously or intermittently, in an 
amount to provide, calculated on the basis; of equivalent: : 
water, about 1 to about 20,000 weight ppm of the hydro- 
carbon feed stream. About 1 to. about 10,000 weight ppm of - 
water addition gives best results when dehydrogenating 65 ^ 
paraffins having from 6 to 30 more carbon atoms. Additional v . n -Butanc 
information. related to the operation of dehydrogenation... 



catalysts, operating- conditions, and process arrangements 
can be found in U.S. Pat. Nos. 4,677,237; 4,880,764 and. 
5,087,792, the contents of which.are hereby incorporated by 
reference. ^ ' v 

- EXAMPLE ' . 

The effect of using the process and reactor arrangements . 
of this invention to maintain isothermal conditions was. 
investigated in a. hydrocarbon conversion process for the 
dehydrogenation of paraffins. A simulation based on the-j 
ability of this invention to. maintain isothermal conditions . 
was prepared based on a feedstream having a composition; 
given in Table. 1 . The isothermal conditions that result from 
this invention were simulated in a dehydrogenation process 
as depicted in FIG. 16. ' 

In this process simulation, a feedstream carried via line 
100 and haying the composition given in Table 1 passes into 
a heater 101 that raises the feedstream temperature from, 
approximately 600° E to 850° F. At the same time, a heat 
exchange medium having the same relative composition as 
feedstream 100 is carried via line 102 into a heater 103. 
Heater 103 raises the temperature of the heat exchange fluid : 
to approximately 890° F. 

Aline 104 carries, the heated feedstream into a reactor 105 
that directs the feedstream into a heat exchange bundle 106 
designe&in accordance with mis invention. Reactor 105 has 
an arrangement to pass the feedstream through a circuit A 
containing a typical: dehydrogenation catalyst comprising 
platinum on an alumina support. A line 107 carries the heat . 
exchange fluid from heater 103 into reactor 105 which: 
passes the heat exchange medium downwardly through the 
heat exchange - bundle 106 in the manner previously 
described in relation to circuit Bi The process simulation;.of 
reactor bundle 106 is based on the use of a heat exchange 
bundle 106 having three layers of catalyst, a vertical height 
of about 1.5 m, arid a width of about 100 mm. -The plates 
defining the channels which alternate between catalyst and 
feedstream and the heat exchange fluid have„a thickness of 
about 1.2 mm, corrugations .with a depth of about 10 mm and 
a width of about 270 mm. The plates are placed next to each 
other in an alternating pattern of cormgations, : such that the 
peaks of the corrugations are. in contact. The reactor operates ; 
at an average pressure of about 20 psig in both circuits A and 
B. .The. total "pressure drop, through the system for: the 
reaction fluid is about 2 psi. Indirect heat exchange of- the 
reaction fluid with the heat exchange medium provides an 
outlet mean temperature of about 850° F. 

The convened reactant stream and the heating stream are 
recovered from the process. The product stream 108 having, 
the composition given in the table is withdrawn from the 
reactor at a temperature of about 850° F. A line 109 carries 
the heat exchange medium from the reactor at a temperature 
of about 870° F. A comparison of process streams 100 and , 
108 shows the conversion of C 10 to C 14 paraffins to corre- 
sponding olefins.. 

TABLE 1 



Stream .Description lb.mole/hr 



100 



102 



108 



■ Molar Flow 
H 2 0 " . 
. Hydrogen. 
Methane 
Ethane 



14.7195 
0.2044 
11.0421 
. 0.0725 : 
0.1411. . 
0.0308 
0.0093 



15.2562 
0,2044. 

11.5787 
0.0725 
0.1411 
0.0308 
0.0093 " 



86.4876-. 

. 1.3073/- 

70.6316 
0.4637 ; 
0.9027 - 
0.1968 

: 0.0592. 
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TABLE 1 -continued 
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Stream Description lb molc/hr 


100 


102 


108 


n-Pentane 


0.0026 


0.0026 


0.0165 


n-Decane 


0.3509 


0.3023 


1.4082 


n-CU 


1.4016 


1.1810 


5.6242 


n-C12 


1.0262 


0.8454 


4.1177 


n-C13 


0.4162 


0.3340 


1.6701 


n-C14 


0.0207 


0.0161 


0.0829 


1 -Nonene 


0.0000 


0.0001 


0.0000 


1 -Dcccne 


0.0000 


0.0486 


0.0000 


l-Undecene 


0.0000 


0.2206 


0.0000 


l-Dodcccnc 


0.0000 


0.1807 


0.0000 


t-Tridecene 


0.0000 


0.0822 


0.0000 


Tbial: 


14.7195 


15.256 


86.4876 
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What is claimed is; 

1. reactor for controlling temperature profiles in a reaction 
zone, said reactor comprising: 

a) a plurality of spaced apart plates with each plate having 20 
a length and defining a boundary of a heat exchange 
flow channel on one side of said plate and a boundary 
of a reaction flow channel on an opposite side of said 
plate and each plate defining first corrugations having 
a first depth and first pitch angle in a first portion of said 
plate and defining second corrugations in a second 
portion of said plate portion spaced along the length of 
said plates said second corrugations having a second 
depth and a second pitch angle wherein at least one of 
said second depth and said second pitch angle varies 
from said first depth and pitch angle; 

b) means for passing a reaction fluid through a plurality of 
said reaction flow channels defined by said plates along 
a first flow path; and, 

c) means for passing a heat exchange fluid through a 35 
plurality of said heat exchange flow channels defined 
by said plates along a second flow path. 

2. The reactor of claim 1 wherein said first flow path is 
perpendicular to said second flow path. 

3. The reactor of claim 1 wherein said plates are discon- 
tinuous and said first portion comprises a first plate section 
and said second portion comprises a second plate section. 

4. The reactor of claim 1 wherein said plates are continu- 
ous and the pitch angle of said corrugations varies over the 
length of each plate. 

5. The reactor of claim 4 wherein the pitch angle of said 
corrugations with respect to the heat transfer fluid flow 
direction makes an angle of less than 30° at an inlet end of 
said plate and an angle of more than 35° at an outlet end of 
said plate. 

6. The reactor of claim 1 wherein said reactor includes 
means for retaining catalyst in said reaction flow channels. 

7. The catalytic reactor of claim 1 wherein said plates are 
parallel. 

8. The reactor of claim 1 wherein each of said plates in 
said reactor defines a reactant channel on one face and a heat 
exchange channel on an opposite face. 

9. The reactor of claim 1 wherein each heat exchange 
channel is divided by a plate having an extended length. 

10. A catalytic reactor for controlling temperature profiles 
in a reaction zone, said reactor comprising: 

a) a first plurality of spaced apart plates having a length 
with each plate defining flow channel boundaries on 
their opposing sides for defining a first multiplicity of 
flow channels and each plate defining corrugations 
having a first pitch angle in a first portion of said plates 
and a second pitch angle in a second portion of said 
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plates, wherein said first and second portions are 
spaced apart along the length of said first plurality of 
plates; 

b) a second plurality of spaced apart plates having a length 
with each plate defining flow channel boundaries on 
their opposing sides for defining a second multiplicity 
of flow channels that vary in number from said first 
multiplicity of flow channels and each plate defining 
corrugations having a first pitch angle in a first portion 
of said second plurality of plates and a second pitch 
angle in a second portion of said second plurality of 
plates, wherein said first and second portions are 
spaced apart along the length of said second plurality of 
plates; 

c) means for retaining catalyst and passing a reaction fluid 
through a first group of flow channels comprising a first 
half of the flow channels in said first and second 
multiplicity of flow channels; and, 

d) means for passing a heat exchange fluid through a 
second group of said flow channels comprising a sec- 
ond half of the flow channels in said first and second 
multiplicity of flow channels. 

11. The catalytic reactor of claim 10 wherein said means 
for passing said reaction fluid divides said reaction fluid 
between said first and second plurality of spaced apart plates 
for parallel flow through said first group of flow channels 
and said means for passing said heat exchange fluid passes 
the heat exchange fluid serially through the first and second 
group of flow channels. 

12. The catalytic reactor of claim 10 wherein said means 
for passing said heat exchange fluid divides said heat 
exchange fluid between said first and second plurality of 
spaced apart plates for parallel flow through said second 
group of flow channels and said means for passing said 
reaction fluid passes the reaction fluid serially through the 
first group of flow channels. 

13. A catalytic reactor for controlling temperature profiles 
in a reaction zone, said reactor comprising: 

a) a cylindrical vessel; 

b) at least two vertically extended reaction stacks located 
in said vessel containing at least one reaction section, 
said reaction sections comprising a plurality parallel 
plates having a vertical length and a spaced apart 
arrangement to define flow channel boundaries on their 
opposing sides to define an interleaved multiplicity of 
horizontal flow channels for horizontal flow of a reac- 
tion fluid and vertical flow channels for vertical flow of 
a heat exchange fluid, each plate defining corrugations 
and said corrugations having a first pitch angle in a first 
portion of said plates and a second pitch angle in a 
second portion of said plates, wherein said first and 
second portions are spaced apart along the length of 
said first plurality of plates; 

c) means for distributing a heat exchange fluid to the 
vertical flow channels in each reaction stack and col- 
lecting said heat exchange fluid from each of said 
reaction stacks; 

d) means for distributing a reaction fluid to the horizontal 
flow channels in each reaction stack and collecting said 
reaction fluid from each of said reaction stacks; 

e) means for retaining a catalyst in said horizontal flow 
channels. 

14. The reactor of claim 13 wherein said reactor stacks 
comprise an upper reaction section and a lower reaction 
section located directly below said upper reaction section, 
said upper reaction section and said lower reaction section 
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contain a, different number of plates and said reaction stack 
. includes a connection duct for communicating vertical flow 
channels between said upper and lower reaction sections. 

15. The reactor of claim 14 wherein said connection duct 
has means for communicating catalyst particles . from hori- 5 
zontal flow channels in said upper reaction section to 

, horizontal flow channels in said lower reaction section. 

16. The reactor of claim 13 wherein said reactor contains 

at least three reaction stacks and said reaction stacks are . : 
located with the plates parallel to the radius of the vessel to 10 . 
. form a polygon configuration. 

17. The reactor of claim 16 wherein said reaction stacks 
surround an interior volume.of said reactor to define, at least 
in part a distributor to provide at least a part of said means 



for distributing a* reaction fluid to said horizontal flow; 
channels. -. . 

18. The reactor of claim 13 wherein said reactor contains, , 
at least three reaction stacks and. said reaction stacks arc ,: 
located with the plates in each reaction stack perpendicular : 
to the radius of said vessel to form a star configuration. 

19. The reactor of claim 18 wherein at least two adjacent : : 
reaction stacks define two sides . of a triangular prismatic . 
volume and said volume provides at least a portion of said 
means for distributing a reaction fluid to the horizontal flow; 
channels in each reaction stack and collecting said reaction: ; 
fluid from each of said reaction stacks.: 
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(57) ABSTRACT 

A tubular reactor passes a flowing stream of reactants 
through a plurality of mixing devices that simultaneously 
provide indirect heat exchange of the reactants to improve 
the uniformity of reactant temperatures and concentrations. 
The mixing devices provide intimate mixing by passing the 
reactants through a plurality of narrow channels defined by 
parallel plate elements that channel a heat exchange fluid on 
their opposite side to provide the simultaneous indirect heat 
exchange. The heat exchange channels can have any desired 
degree of mixing intensity by providing irregularities in the 
channel walls or flow path that supply the desired degree of 
fluid shear. Preferably the mixing reactor provides a series of 
mixing devices with heat exchange along the length of the 
conduit flow path with space between the devices for 
remixing of the fluid reactants. 

8 Claims, 5 Drawing Sheets 
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STATIC MIXING REACTOR FOR UNIFORM mixing of reactants also require the mixing be accomplished 

REACTANT TEMPERATURES AND with a high degree of shear forces between the fluids. The 

CONCENTRATIONS high shear forces create the necessary phase dispersion to 

overcome mass transfer limitations inherent in the fluids and 
FIELD OF THE INVENTION 5 to provide the contacting necessary for precise reaction 

This invention relates to reactor arrangements having 
means for mixing reactants and to the heating of reactants in Stirred tank reactors in many cases may provide the 
such reaction zones. necessary shear forces to eliminate mass transfer limitations. 

However, stirred tank reactors often provide unwanted areas 
BACKGROUND OF THE INVENTION 10 °^ stagnation that allow variations in residence time and 

degrade the products obtained from certain reactions. In 
There are many homogenous or heterogeneous chemical addition, the mechanical elements of stirred tank reactors 
reactions involving liquid and/or gas vapor phases that may prove troublesome. When operating at high pressure, 
benefit from the intimate mixing of the reactants in the impeller shaft seal leakage is particularly difBcuU to prevent, 
reaction zone. 15 c , , , * 

istatic mixers are commonly used to supply additional 

This intimate mixing is usually supplied by a tubular mixing energy to the reactor instead of mechanical stirred 
reactor. These reactors consist of a long conduit into which reactors. These types of static mixers include simple static 
the reactants are injected. Mixing of the reactants occurs as mixers, fluidic mixers and vortex mixers. Simple static 

they flow down the conduit. The design requirements for mixers are effective in forming and dispersing gas bubbles 
these reactors include the variables of temperature, degree of 20 in a statistical distribution. 

mixing and residence time Direct or indirect heat transfer us Pat No 5i409j672 issil&d to C entinkaya shows a 

may be employed to control temperature conditions within ^ mixef arran g em ; nt provides a hi h fi J d sh& ^ 

the tubular reactor. For example it is known that such while minimizillg ; ressure % g g 

reactors may be externally jacketed to circulate a heat TTC n 4 Kr b \. -„ D . ^ 

exchange medium on the outside surface of an extended 25 U Pat ' No ' 5 > 538 > 700 lssued to Koves shows an 

reaction conduit and thereby provide indirect heating or arra ngement of corrugated plates that use a perforated insert 

cooling over the entire external surface of the reactor. plate t0 lntroduce additional turbulence into heat exchange 

The primary variables influencing the design of the mix- 
ing reactors are the degree of mixing, the residence time and U St Pat No * 5 > 525 > 311 ^ued to Girod et. al. show a 
the temperature of the reaction. The length of the conduit or 30 process and arran g ement foat uses plates to defined a plu- 
pipe is usually sized to control residence time. The degree of raIlty of catal y st retaining channels for processing a reactant 
mixing is largely a function of the flow regime within the streara interleaved Wlt h a plurality of channels that receive 
conduit. In open tubular reactors the diameter largely con- a heat exchan g e fluid - 

trols the flow regime therein. Thus optimal velocity for _ ddtde criN-fUADv Ttrr TMvrxm^T 
tubular reactions is established when the pipe diameter 35 BRIEF SUMMARY OF THE INVENTION 
correctly keeps the flow in the desired flow regime within a It is an object of this invention to provide a mixing type 
pipe or conduit having a length that provides the proper reactor that can provide intimate mixing and efficient inter- 
residence time for the reaction. The temperature depends on nal heat exchange. 

the heat of reaction and the degree to which heal may be It is a father objecl of this inveaUon t0 provide a mixmg 

added or withdrawn via intermediate injection of reactants type reactor that can provide intimate mixing and simulta- 

or diluents and the availability of indirect heat exchange. neous interna] neal exchange witQ a desired degree of fluid 

External heating and the addition of fluids do not always shearing, 

offer satisfactory temperature control. Since many mixing This invention is a mixing reactor that passes a flowing 

reactors depend on high fluid velocities through the reaction 4S stream 0 f reactants through a plurality of mixing devices that 

zone, Processes with high heats of reaction may not receive simultaneously provide indirect heat exchange of the reac 

enough heat flux to maintain optimum temperatures without tants . Th e mixing devices provide intimate mixing by pass- 

exceeding local temperature limitations for the reactants. ing the reactants through a plurality of narrow channels 

The direct addition of heating or cooling fluids may also defined by parallel plate elements that channel a heat 

interfere with process control by varying the velocity and so exchan ge fluid on their opposite side to provide the simul- 

resiaence time through the reaction zone as well as compo- taneous indirect heat exchange. The heat channels can have 

sition concentrations. any desired degrec of mixiflg intcnsity by providmg irregu- 

The requirements for mixing and residence time are also larities in the channel walls or a flow path that supplies the 

not always fully compatible, and therefore, the diameter of desired degree of fluid shear. Preferably the mixing reactor 

the conduit containing a mixing reactor may represent a 55 provides a series of mixing devices with heat exchange 

compromise in optimum values to control mixing and resi- along the length of the conduit flow path with space between 

dence time. In addition, many tubular reactors require very the devices for remixing of the fluid reactants. Thus, the 

long pipe lengths at high velocities to achieve the necessary degree of stirring required by the reaction can be intensified 

mixing. One means of overcoming the incompatibility in the by the addition of the required number of mixing devices 

flow regime or residence time and long length requirements 60 positioned along the flow path through the tube or conduit of 

is the use of internal mixers within a tubular reactor or other the reactor. The additional stages of mixing or shear may be 

reaction zone. Internal mixing devices include stirred reac- added to continue mixing components as reactants are 

tors and static mixers. produced or to maintain dispersion as additional reagents or 

In some cases, conduit or tubes of mixing reactors are also catalysts are added between stages of mixing or as interme- 
unable to provide the intensity of the mixing that may be 65 diate fluids are withdrawn from the reactor, 

important for certain reactions. In order to overcome mass Accordingly, in one embodiment this invention is an 

transfer limitations, many reactions that require intimate apparatus for the plug flow reaction of one or more reactants 
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in the presence of gas, liquid or mixed phase fluids. The FIG. 10 is a modified cross section showing an alternate 

apparatus includes a containment conduit having an inlet arrangement for the conduit reactor of FIG 6 

and an outlet end for passing fluid from the inlet end to the FIG. 11 is modified arrangement for reactant and heat 

outlet end and establishing a flow direction through the exchange channels of this invention. 

conduit. At least two spaced apart mixing sections compris- 5 rrp 10 ■ „ ftl tU r c , « JL 

turbulence inducing structures that extend transversely L FIG * 3 15 P ers P ectlve view of a modified heat exchange 

across the reactant flow channels and the plates define channel for thls invention - 

reactant channel inlets for the reactant channels at the 10 DETAILED DESCRIPTION OF THE 

upstream end of the mixing sections and define reactant INVENTION 

channel outlets for the reactant channels at the end of the 

mixing section opposite the reactant channel inlets. A dis- ^ a PP aratus °f invention is useful for many tubular 
tribution manifold for distributes a heat exchange fluid to the factor applications. Processes suitable for the use of this 
sides of the heat exchange channels. A collection manifold is a PP aratu s will pass liquid, gaseous, or mixed phase fluids 
for collects a heat exchange fluid from the sides of the heat together through a tubular reactor. The fluid components 
exchange channels. mav De reactants, catalysts, diluents or any other process 
In a more specific embodiment this invention comprises stream - Processes carried out in the conduit of the reactor 
an apparatus for the plug flow reaction of one or more may °P erate at hl £ n or low temperatures in a wide range of 
reactants in the presence of a gas, a liquid or mixed phase 20 P ressure conditions including partial vacuums and critical 
fluids. The apparatus includes at least three chamber conduit P f f ure condltlons - ^ fluid s Posing through the conduit 
sections defining connecting volumes for passing a reactant ° f the reactor may dso include Ut l uids havin g fine P art ides 
stream from a contactor inlet, through at least two mixing dls P ersed tnerem - Such solids are usually particulate cata- 
devices and out of the contactor outlet and establishing a lysts ' Smtable reactor arrangement will not ordinarily retain 
reactant flowpath. A plurality of parallel plates, spaced apart 25 a fixed or com P a ct moving bed of particulate catalyst, 
in a stacked arrangement, form a plurality of reactant flow p^ample of a suitable process for the reactor of this 
channels interleaved with a plurality of heat exchange invention is oligomerization of ethylene to linear alpha- 
channels in each mixing device and provide each mixing olefins by a homogeneously catalyzed reaction. The reaction 
device with a rectilinear profile transverse to the reactant ^ higMv exothermic and a typical process of this type 
flow path. The plates retain turbulence inducing structures 30 commonly requires contact between two liquid phase 
that extend transversely into the reactant flow channels. The streams and one vapor phase stream. It is also necessary to 
plates define reactant channel inlets for the reactant channels maintain uniformity of mixing for product selectivity pur- 
at the upstream end of the mixing device and reactant poses. 

channel outlets for the reactant channels at the end of the FlG - 1 shows the apparatus of this invention. As depicted 
mixing device opposite the reactant channel inlets. The 35 in FIG. 1, the apparatus includes a tubular reactor in the form 
plates define a heat exchange inlet on one side of the heat of an elongated conduit 4 that provides the containment 
exchange channels and a heat exchange outlet on the oppo- conduit for the tubular reactor. The tubular reactor houses 
site side of the heat exchange channels. A first curved multiple mixing devices 5, 6, and 7. A fluid stream enters the 
containment section having a concave side defines a distri- tubular reactor through the bottom of conduit 4 via an inlet 
bution manifold over the heat exchange inlet side of each 40 and ex i* s tfl e top of the conduit 4 through an outlet 9. Fluid 
mixing device for distributing a heat exchange fluid to the tnat flows into the conduit 4 from inlet 8 first enters an 
sides of the heat exchange channels. A second curved upstream chamber 16 defined as the volume between inlet 8 
containment section having a concave side defining a col- and mixing device 5. Reactant fluid flow from chamber 16 
lection manifold over the heat exchange outlet side of each next enters a plurality of channels 10 having open bottoms 
mixing device collects a heat exchange fluid from the sides 45 and tops for fluid flow therethrough. The walls of channels 
of the heat exchange channels. 10 are irregular to provide turbulence and mixing of the fluid 
Additional objects, embodiments and details of this 35 il P asses U P the channels. Heat exchange channels 14 
invention are disclosed in the following detailed description extend between reaction channels. A heat exchange fluid 
of the invention. passes through channels 14 to simultaneously heat or cool 
nnrrr nr^m^w _ 50 the reactants in the reaction channels 10. The tops and 
BRIEF DESCRIPTION OF THE DRAWINGS bottoms of heat exchange channels 14 are closed to fluid 
FIG. 1 illustrates a tubular reactor of this invention and ^ ow and independent nozzles or preferably, as hereinafter 
shows the mixing device in a cut-away view. morc f^Uy illustrated, a manifold system distributes and 
FIG. 2 is an enlarged cross-section of one of the mixing collects the heat exchange fluid at each mixing device 
devices shown in the cut-away view of FIG. 1. 55 l° cat i°n. As fluid continues to pass upwardly out of mixing 
FIG. 3 is a split section of the upper portion of the mixing devicC 1 5 il cntcrs an iatcrmcdiatc chamber 17 defined as the 
device shown in FIG. 2 taken over lines 3—3 ^ pacc betwcen mixm 5 devices 5 and 6. Intermidiate cham- 
FIG. 4 is a modified cross section of the mixing device ^LT* f * ™™& Provides a zone for 
shown in FIG. 2. recombination of the reactant flow from the reactant chan- 
ter < ic o ™t™ ~<- vrr* a * i , i . _ _ 60 nels of mixing device 5. Continued upward flow passes the 
FIG. 5 is a secuon of FIG. 4 taken at line 5-5. reactant flujd to mixmg dcvicc < ^ ^ ^ ^ 

FIG. 6 u ; an alternate arrangement for a mixing conduit reactant fluid while simultaneously heating or cooling the 
reactor of this invention. rcactanl fluid wjth a hea , &M * 

J S 8 , are 1 seclions of FIG - 6 '^en at lines 7-7 This invention can use any type of plate to define the 

JZ~a' reSp " U J e f- 65 reaction channels and the heat exchange channels. By 

r o modlficd cross sect,on of a mixin S dev >cc <aken necessity, suitable plates have minimum thickness to pro- 

at line 9—9 of FIG. 6. mote rap id heat exc h an g e across the plates and to minimize 
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the amount of cross sectional flow area removed from the 
conduit reactor by the presence of the plates in the mixing 
devices. Maintaining channel widths between the plates can 
be accomplished by using various spacers. The spacers 
between the plates have the advantage of providing addi- 
tional surface and edges for introducing any desired shearing 
forces on the fluid as it passes through the mixing devices. 
Suitable spacers also can provide a controlled degree of 
turbulence for the reactants as they pass through the reaction 
channels. Turbulence from spacers also helps promote heat 
exchange by introducing turbulence into both the heat 
exchange fluid and the reactant fluids. Typically, the heat 
exchange channels and reaction channels will have an 
average width in a range of from a V* to 2 inches. 

Suitable plates for this invention will comprise any plates 
that allow a high heat transfer rate and that are easily secured 
in the reaction section in a stable configuration that readily 
retains the channel arrangement. Thin plates are preferred 
and usually have a thickness of from 1 to 2 mm. The plates 
are typically composed of ferrous or non-ferrous alloys such 
as stainless steel. Each plate has some means of introducing 
turbulence and preferably has corrugations that are inclined 
to the flow of reactants and heat exchange fluid. 

The plates may be formed into curves or other 
configurations, but flat plates are generally preferred for 
stacking purposes. 

A preferred form of the plate elements consists of corru- 
gated plates. Corrugated plates, when stacked next to each 
other, have the advantage of defining the channel spacing 
while simultaneously supporting the adjacent plate elements 
and providing a complex flow path that introduces turbu- 
lence mixing to the fluid. The corrugated plates may be 
stacked directly next to each other with the space between 
corrugations defining alternate reactant channels and heat 
exchange channels. Where plates contain inclined 
corrugations, the plates may be stacked next to each other to 
define the heat exchange and reactant flow channels as the 
area between corrugations. Preferably the corrugation pat- 
tern will be reversed between adjacent plates so that a 
herring bone pattern on the faces of opposing corrugated 
plates will extend in opposite directions and the opposing 
plates faces may be placed in contact with each other to form 
the is flow channels and provide structural support to the 
plate sections. 

In the case of corrugated plates the corrugation pattern 
may be varied to achieve a variety of contacting and reaction 
effects. Such effects include increased turbulence for 
improving the contacting between the components by vary- 
ing the pitch of the corrugation. The degree of turbulence 
may also be controlled by varying the amplitude of the 
corrugations and the frequency of the corrugations, which 
are otherwise referred to as the pitch and the depth of the 
corrugations. Corrugations having a large pitch or low 
frequency and shallow depth or low amplitude will provide 
a low degree of turbulence. Increasing either or both of the 
frequency and amplitude will raise the degree the turbu- 
lence. Suitable corrugated plates are described in detail in 
U.S. Pat. No. 5,525,311; the contents of which are hereby 
incorporated by reference. The average channel width for 
reactant channels of this invention will typically range of 
from Va to 2 inches when using corrugated plates. The 
average width of the corrugated plates is most accurately 
computed by calculating the volume of the channel and 
dividing it by the transverse cross sectional area of the 
channel. 

Mixing device 6 contains reactant and heat exchange 
channels essentially identical to those shown in mixing 
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device 5 except for their orientation. The channels 10 and 14 
in mixing device 5 extend in a direction perpendicular to the 
section of FIG. 1. The channels of mixing device 6 extend 
in the same direction as the section of FIG. 1. The ninety 

5 degree change in orientation of the reactant and heat 
exchange channels between mixing devices 5 and 6 further 
promotes intermixing of the reactant fluid between mixing 
stages. Accordingly, FIG. 1 shows the transverse profile of 
one heat exchange plate 15 in mixing device 6 and the 
corrugated surface defined thereon which introduces turbu- 
lence into the fluid passing through the reactant and the heat 
exchange channels. The heat exchange fluid is supplied to 
the heat exchange channels of mixing device 6 via a nozzle 
18 and withdrawn from the heat exchange channel via a 

i5 nozzle 20. After heating or cooling by the heat exchange 
fluid, mixing device 6 discharges the reactant fluid into a 
downstream chamber 22. 

Downstream chamber 22 is the volume of conduit 4 
between mixing device 6 and the outlet 9. Both upstream 

20 chamber 16 and downstream chamber 22 may contain 
additional mixing devices. FIG. 1 illustrates downstream 
chamber 22 with an additional mixing device 7 with chan- 
nels oriented 90 degrees from the channels in mixing device 
6 and through which the reactant fluid passes on its upstream 

22 course to outlet 9, In a highly preferred embodiment, the 
apparatus of this invention will have at least 3 and as many 
as 10 or more of the mixing devices. Chambers 16, 17, and 
22 can provide means for and may contain additional mixing 
devices that do not have indirect heat exchange capacity. 

30 However, apart from any means for adding or withdrawing 
fluids, chambers 16, 17, and 22 usually provide means for 
unobstructed fluid flow between mixing devices in the 
chambers. Thus, the chambers between mixing devices are 
normally open for free flow of fluids except for any small 

35 intermediate inlet or outlet nozzles (not shown). 

Intermediate inlet or outlet nozzles for withdrawing fluids 
from the conduit 4 at locations intermediate to inlet end 8 
and outlet end 9 are normally positioned between the mixing 
devices. Fluids may be added to supply additional reactants 

4Q or diluents for reaction control. Fluids may also be 
withdrawn, heated or cooled, and returned to conduit 4 for 
purposes of temperature control. The addition or withdrawal 
of fluids through intermediate nozzles will not ordinarily 
contribute significantly to mixing or dispersion of the fluids 

45 between the mixing devices. 

The operation of the mixing devices of this invention is 
often enhanced by the presence of the gaseous medium 
which breaks the liquid up into fine droplets. The invention 
can operate in a large range of relative liquid to gaseous 

50 composition. Preferably, the quantity of gaseous material is 
at least equal to 0.2 wt. % of the combined mixture. In 
operations of the reactor wherein all of the process streams 
are in normally in liquid phase, changes to the process may 
be effected to promote high shear mixing by the addition of 

55 gases. The high shear force enhancement of gases may be 
obtained by injecting an inert gas with the liquids entering 
the reactor. Injection of the gas with the liquids may be 
regulated to obtain a controlled level shear force with 
relatively constant pressure drop. 

60 In this arrangement, sequential mixing of increased sever- 
ity can be provided by varying the plate arrangement and/or 
shearing elements in each mixing device along the fluid flow 
path through the reactor. As a result repeated mixing and 
varied intensity mixing can be achieved through multiple 

65 mixing devices within a single conduit 4. 

Regardless of the number of mixing devices contained 
within conduit 4, the upstream and downstream chamber 
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will preferably have an open length equal to at least twice FIGS. 4 and 5 show a modified mixing device 6' similar 

the inside diameter of conduit 4. This open length prevents to that shown in FIGS. 1-3. FIGS, 4 and 5 differ by showing 

direct injection or direct withdrawal from any of the mixing an alternate method for circulating the heat exchange fluid 

devices so that each mixing device fully performs its func- mrough the heat exchange chaDne i s . The arrangements 

' , - 0 „ , 5 shown in FIGS. 4 and 5 collects and withdraws the heat 

Nozzles 18 and 20 provide one means for passing a heat u a j *• i *j r * • 

f c i j i exchange fluid from a single side of a containment tube 4'. 

transfer mud through a narrow system of isolated heat Nozz , es 34 ^ 35 , hea( exch fluid tQ heat 

exchange channels while maintaining open tops and bottoms exd] chaMek 36 ^ 3? ^ , h h distri . 

of reactant channels for continuous fluid flow therethrough. bu(ion 38 ^ 39 40 aEd n ^ 

FIGS. 2 and 3 show a manifolding arrangement that allows 10 exch ^ from ^ e e ^ ^ 

inseruon of the plura hty of narrow heat exchange channel ^ mrou ^ collection 44 ^45. Aseries of 

into the conduit of the reactor. Looking then at FIG. 2, „ t tU n *■ r *u a- * ■ 

.- OJ ,. i- . . , partitions 46 separate the collection spaces from the distn- 

nozzle 18 delivers an inflow of heat exchange fluid to a . «• c- -i * »l * j % ■ rT „ , t 

~- , - . ... bution spaces. Similar to that described in FIG. 3, closures 
distribution space 24 having open communication with the t ~ # * *u * * u i ant 
. t , ^ , . . - , _ , , . k 47 prevent fluid from entering the reactant channels 30' 
heat exchange channels across the sides thereof while being 13 AQ V r „ u ( . a , 
. i i j r • -i . 1 i while openings 48 permit free flow of heat exchange fluid to 
blocked from communication with the reactant channels « « ^ j a * r j- « . j 
iL - _. , . the collection spaces 44 and 45. A series of radially extend- 
across the same surface. Similarly, nozzle 20 withdraws heat • „ -^i ^ «n Q „* . . . . , 

, a « it , . , . < ing manirolds 50 interconnect the heat exchange channels 36 

exchange fluid from a collection space 26 which again has . tU . . . , . a . , ... 

* . t . . . . , | ( f and 37 that receive the incoming heat exchange fluid with 

open communication with the heat exchange channels across ( . . 4 . . , , « , f . , 4 . , , 

iL r .j _ , « , . . 20 the neat exchange channels 42 and 43 from which the heat 

the sides of plates 15 while the spaces between plates 15 are exchange fll|id ^ collected. Manifolds 50 have closures 51 

closed to communication with the reactant channels. where the manifolds rcgister with the sides of ^ rcactant 

As more fully appreciated from FIG. 3, the bundle of channels 30' and openings 52 where the manifolds register 

corrugated plates 15 defining the heat exchange and reactant with the heat exchange channels. Openings 52 function in a 

channels are placed next to each other to build a stack of 25 manner analogous to that described for openings 38, 39, 45, 

plates defining the alternate heat exchange and reactant and 48. Manifolds 50 are shown as intermittently spaced 

channels. The entire stack of plates 15 may be joined at the down the side of mixing device 6' that lies opposite the 

top and bottom by a ring 27 that is sealed around its inner distribution and collection spaces. Connecting manifold 50 

edge 28 to the heat exchange channels 29 and the reactant may have completely open interiors since there is no need to 

channels 30. The entire mixing device 6 may be assembled control fluid flow from the different collection or distribution 

outside of the tube 4 and inserted into the tube at the location nozzles. Manifold 50 may be either intermittent as shown or 

of nozzles 18 and 20. Seal welds 31 at the top and bottom cover the entire side of the mixing device 6' as a continuous 

of mixing device 6 prevents any mixing between the heat manifold. Where manifold 50 is intermittently spaced, the 

exchange fluid and the reactant stream. 35 entire side area of the reactants and the heat exchange 

The separate communication of the heat exchange chan- channels are closed to fluid flow between the manifolds, 

nels and reactant channels with the heat exchange and Mixing device 6' may be inserted into tube 4' in a fully 

reactant fluid respectively can again be more fully appreci- assembled state and secured within the rube and registered 

ated from FIG. 3. The upper portion of split section 3-3 m sealing communication with the collection and distribu- 

shows the heat exchange channels 29 closed to communi- 40 tion nozzles by providing seal welds 53 at the top and 

cation with the upper chamber 22 to isolate the heat bottom of mixing device 6". 

exchange fluid from the reactant fluid. Similar closure of the FIGS. 6-10 show a further alternate manifolding arrange - 
heat exchange channels is provided at the bottom of the ment for use with a square conduit arrangement that retains 
mixing device 6. The reactant channels 30 are open at both 45 the mixing devices in the conduit reactor. In this arrange- 
the top and the bottom of mixing device 6. As shown on the ment reactants again flow axially through the conduit 55 
right side of FIG. 3, heat exchange fluid is selectively from an inlet 56 to an outlet 57. Internally, conduit 55 retains 
collected only from heat exchange channels 29 by closing mixing devices 58 and 59 between open mixing chambers 
the side of reactant channels 30 across openings 32 at the 60. Mixing devices 58 and 59 contain a similar arrangement 
sides where the reactant channels 30 encounter the collec- 50 of channels that alternately retain heat exchange fluid or 
tion space 26. Conversely, the ends 33 where the heat provide passage of the reactants axially through the reactor 
exchange channels end at collection space 26 have openings conduit 55. Again, mixing devices 58 and 59 alternate the 
33 for open communication therewith, Plates 15 are stacked orientation of the reactant channels by 90 degrees relative to 
in a direction transverse to the channels such that the plates 55 eacD other. Fluid is supplied to mixing device 59, and any 
press against the inside wall of tube 4. Pressing the plates similarly oriented mixing devices (not shown), by a nozzle 
against the inside wall of tube 4 prevents bypassing of the 61 via a distribution space 63 while a distribution space 64 
heat exchange fluid by at least partially blocking the flow of withdraws heat exchange fluid from mixing device 59 for 
heat exchange fluid between the transverse side of the removal via nozzle 62. A nozzle 66 (See FIGS. 7-9) pro- 
stacked plates and the inside of tube 4. A complete blockage 60 vides heat exchange fluid to mixing device 58 and a nozzle 
of heat exchange flow at this section is not necessary or 65 withdraws a heat exchange fluid that has passed through 
desired in order to maintain a good distribution of the heat mixing device 58. Distribution and collection manifold 
exchange fluid across all of the heat exchange channels 29. spaces, similar to those shown for mixing device 59, corn- 
Distribution channel 24 has a similar arrangement of open- 65 municate mixing device 58 with nozzles 66 and 65. 
ings and closures with the heat exchange channels and As can be more fully appreciated from FIGS. 7-9, the 
reactant channels as those shown for collection space 26. reactor-conduit arrangement of FIGS. 6-10 accommodates a 



05/26/2003, EAST Version: 1.03.0002 



US 6,334 

9 

square or rectangular reactor design. The square design 
facilitates fabrication and assembly of the necessary plate 
elements. As more fully seen from FIG. 7-10, a curved 
channel 67 may provide the manifold space 63. The sides of 
the reaction channels that meet with the manifold spaces 63 5 
are again closed to communication with the heat exchange 
fluid. Sealing the ends of curved channel 67 at the corners 
of mixing devices 59 furnishes an efficient shape for with- 
standing internal pressure while also providing a convenient 
method for distribution of fluids. Having channels extending 10 
on all four sides of the mixing conduit arrangement 55 
conveniently affords a pressure balancing function for the 
relatively thin plates that define the heat exchange channels. 
Specifically, when looking at FIG. 7, the curved channel 68 15 
balances the pressure on outermost plates of mixing devices 
59 to minimize any pressure loading across the flat surface 
of the plate and thereby prevents deformation without 
requiring a thick plate gauge. Looking at FIG. 8, the curved 
channels 67 and 68 also contribute support to the walls 70 20 
of the open chamber sections 60 that have a flat profile and 
poor pressure loading capability. 

FIG. 9 shows a modified form of the invention where an 
outer circular conduit or pipe furnishes the curved chamber 25 
portions. The inside diameter of the pipe 74 slightly exceeds 
the diagonal dimension across the mixing device 59. The 
cross section as represented in FIG. 9 can simplify the 
construction of the conduit reactor arrangement. The outer 
wall may comprise a simple pipe cut in half across the 30 
section line 71. Assembly may consist of inserting the 
reaction stack into the one half of pipe 74 and seal welding 
the mixing device therein at points 73. Longitudinally weld- 
ing the other half of the pipe 74 back to the other pipe half 35 
at points 73 completes pressure containment of the reaction 
stack. This procedure assembles a reactor mixer with pres- 
sure balancing, distribution manifolds and collection mani- 
folds in a highly efficient pressure resisting shape with a few 
simple operations. No criticality attaches to the seal between 40 
mixing devices at corners 75 since communication between 
adjacent distribution manifolds 76 and between adjacent 
collection manifolds 77 will not adversely effect the circu- 
lation of the heat transfer fluid. 45 

As illustrated by FIG. 10, the mixing devices may have 
rectilinear shapes other than a square. Suitable curved chan- 
nels 78 may accommodate any length of reactant and heat 
exchange channels to provide rectangles with varied aspect 
ratios. Smaller curved channels 79 sized to suit the minor 50 
transverse dimension of the reaction conduit may still serve 
a useful pressure balancing function. 

The heat exchange channels and reaction channels need 
not have a relatively uniform or equal width. The relatively 55 
narrow dimension of most conduit reactors will typically 
demand less fluid volume in the heat exchange channels than 
in the reaction channels. Minimizing the volume in the heat 
exchange channels also lowers the amount of reactant flow 
blockage imposed by each mixing device. Unlike the chan- 60 
nels shown in FIGS. 3 and 5, FIGS. 11 and 12 represent 
alternate arrangements for the stacking of the plates to define 
different widths for the heat exchange and reaction channels. 

FIG. 11 depicts an arrangement for the preferred corru- 6S 
gated plates of this invention. As shown by FIG. 11 corru- 
gations need not be defined so that all peaks touch. FIG. 11 
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shows an arrangement where an offset arrangement of 
corrugated plate pairs 80, 81, and 82 define smaller widths 
for the heat exchange channels 83 relative to reactant 
channels 85. The arrangement of FIG. 11 minimizes the 
overall reactant flow area blocked by the heat exchange 
channels in the mixing device. 

Alternately, as shown in FIG. 12, perforated or slotted 
plates 86 may be inserted between pairs 87 of solid plates to 
increase the proportion of reactant flow area in the mixing 
device. Perforated plate 86 permits open communication 
between reaction channels 88 and provides a greater effec- 
tive width of the reactant channels as compared to heat 
exchange channels 89. The insertion of the corrugated or 
slotted plate has the additional advantage of providing fluid 
shear as the reactants pass through reactant channels 88 and 
further enhance mixing. A perforated insert plate arrange- 
ment is shown in U.S. Pat. No. 5,538, 700; the contents of 
which are hereby incorporated by reference. 

FIGS. 13 displays an additional method for introducing 
shearing on the reactant fluid as it passes through the 
reaction channels. FIG. 13 shows an arrangement of reaction 
channels 90 defined by corrugated plates 91. A shear induc- 
ing plate 92 is sandwiched between corrugated plates 91. 
Punched tabs 93 extending transversely outward from plate 
92 present sharp edges for additional shearing action on the 
fluid as it passes through the reaction channels 90. 

What is claimed is: 

1. A tubular reactor for the plug flow reaction of one or 
more reactants in the presence of a gas, liquid, or mixed 
phase fluids, said apparatus comprising: 

(a) a containment conduit having an inlet and an outlet 
end for passing fluid from the inlet end to the outlet end 
of the conduit and establishing a flow direction through 
said conduit; 

(b) at least two spaced apart mixing sections comprising 
a stack of plates defining heat exchange flow channels 
and reactant flow channels, said stack of plates retain- 
ing turbulence inducing structures that extend trans- 
versely across the reactant flow channels, said stack of 
plates defining reactant channel inlets at the upstream 
end of the mixing section and reactant channel outlets 
for the reactant channels at the downstream end of the 
mixing section and said stack of plates being stacked in 
a direction transverse to one of the heat exchange flow 
channels and the reactant flow chancels such that plates 
on transverse sides of the stack of plates press against 
the inside wall of the containment conduit to obstruct 
circumferential flow of fluid around the conduit and 
other plates in the stack of plates having ends that are 
spaced apart from the inside wall of the containment 
conduit; 

(c) a distribution manifold for distributing a heat 
exchange fluid to the sides of the heat exchange chan- 
nels defined by an annular volume between the inside 
wall of the conduit and the ends of the plates that are 
spaced apart from the inside wall of the containment 
conduit; 

(d) a collection manifold for collecting a heat exchange 
fluid from the sides of the heat exchange channels 
defined by an annular volume between the inside wall 
of the conduit and the ends of the plates that are spaced 
apart from the inside wall of the containment conduit; 
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and 

(e) annular rings covering the annular volume at the 
upstream and downstream ends of the mixing sections 
that are welded to the conduit to hold and seal the 
mixing sections in place. 

2. The reactor of claim 1 wherein corrugations defined by 
said plates define the turbulence inducing structure. 

3. The reactor of claim 1 wherein the plates define 
essentially planar channels. 

4. The reactor of claim 3 wherein the channels in adjacent 
mixing devices extend in a direction normal to each other. 

5. The reactor of claim 1 wherein a first nozzle delivers 
the heat exchange fluid to one side of the annular volume 
and a second nozzle withdraws the heat exchange fluid from 
an opposite side of the annular volume. 

6. The reactor of claim 5 wherein the distribution mani- 
fold distributes the heat exchange fluid to a first group of 
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said heat exchange channels on a first side of said mixing 
device, a recirculation manifold communicates said first 
group of heal exchange channels with a second group of heat 
exchange channels on an opposite side of said mixing device 
5 and the collection manifold collects heat exchange fluid 
from said second group of heat exchange channels on the 
first side of said heat exchange device. 

7. The reactor of claim 1 wherein a perforated sheet 
0 extends between the plates defining the heat exchange 

channels to cause a shearing action on the reactant fluid as 
it passes through heat exchange channels. 

8. The reactor of claim 1 wherein said plates comprise 
imperforate corrugated plates and a perforated corrugated 

15 plate extends between the imperforate corrugated plates that 
define each heat exchange channel. 

***** 
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[57] ABSTRACT 

There is disclosed a catalyst structure for ozone decom- 
position which comprises a thin porous carrier material 
which has many micropores in the direction of the 
thickness of the carrier material and has an ozone de- 
composition catalyst supported thereon. 
Also disclosed is a method of ozone decomposition 
using such a catalyst structure, in which preferably the 
catalyst structure comprises a thin porous carrier mate- 
rial which has many micropores not less than 30 am in 
diameter in the direction of the thickness of the carrier 
material and has an ozone decomposition catalyst sup- 
ported thereon. The carrier material may be of an elec- 
trically resistant material and may be electrified and 
heated while a gas containing ozone is forcibly passed 
therethrough. 

8 Claims, 2 Drawing Sheets 
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mium alloys, or a ceramic material such as glass, alu- 

METHODS OF OZONE DECOMPOSITION AND mina or silicon carbide. Among these are preferred 

CATALYST STRUCTURES USED THEREIN stainless steels such as SUS 430 or 304 from the stand- 
point of workability, resistivity and resistance to ozone. 

This invention relates to a method of decomposing 5 The thin porous carrier material used is preferably a 
ozone which is contained, for example, in the air, and a net or screen or plate which has a number of micropores 
structure, preferably a catalyst structure, having an of very short length extending in the direction of the 
ozone decomposition catalyst supported thereon, suit- thickness of the carrier material. A porous metal plate 
ably used therein. which has such micropores may be produced by etch- 
There have been proposed various methods of de- 10 ing a plate or punching micropores in a plate. When the 
composing noxious ozone contained in the air, for ex- catalyst structure is used in such a manner that a gas 
ample, an adsorption method wherein a porous material containing ozone therein is passed forcibly there- 
is used such as activated carbon or zeolite, or an oxida- through, it is preferred that the micropores are not less 
tivc decomposition method wherein a catalyst is used than 30 fim in diameter to prevent the occurrence of 
such as manganese dioxide. 15 substantial pressure loss in the reaction. 

However, the above mentioned known methods of The carrier material has an ozone decomposition 

ozone decomposition are not satisfactory ones. The catatalyst supported thereon. Any known catalyst is 

adsorption method has a disadvantage in that an adsor- usable, which includes a metal oxide such as MnC>2, 

bent must be very often regenerated since it is limited in FejOs, Ag20, NiO or CuO, a noble metal such as Pt or 

adsorption ability. Therefore, the working is laborious 20 Pd, or a mixture of two or more of these. There may be 

and costs a great deal. The oxidative decomposition further mentioned, as an efFective catalyst, for instance, 

method has no such disadvantages as above described, a Mn containing multicomponent catalyst such as 

but the known catalysts have insufficient decomposition Mn02-Ti02, Mn02-alkali metal or alkaline earth metal 

activity for ozone, but also deteriorate in activity very oxides; a zeolite containing Cr, Zn, V, W, Fe, Mo, Ni, 

soon when they are used under severe conditions, for 25 Co, Ru, Cu, Rh, Pd, Ag or Pt, or an oxide of these 

example, when a gas which contains high concentra- metals, a mixture of these; or a zeolite in which K or Na 

tions of ozone is treated or a gas is treated with a high is partly or wholly substituted with such a metal, 

area velocity. The supporting of catalysts on the carrier material 

It is, therefore, an object of the invention to provide will be described hereinafter, 

a structure, preferably a catalyst structure, having an 30 Usually a plurality of the catalyst structures are dis- 

ozone decomposition catalyst supported thereon. posed at intervals in a cylindrical casing to form a cata- 

It is a further object of the invention to provide a lyst reactor, and a gas containing ozone therein is passed 

method of ozone decomposition using such a structure, through the reactor to put the gas into contact with the 

in which the ozone decomposition rate is maintained catalyst structure, thereby to catalytically decompose 

high over a long period of time and no substantial de- 35 the ozone. The gas may be passed parallel to the catalyst 

crease in ozone decomposition rate takes place under structure in the reactor, or may be forcibly passed 

severe reaction conditions. through the catalyst structure. 

In accordance with the invention, there is provided a Preferred embodiments of the catalyst reactor will 

catalyst structure for ozone decomposition which com- now be described referring to the drawings. FIG. 1 

prises a thin porous carrier material which has many 40 illustrates a reactor 1 embodying the invention which is 

micropores in the direction of the thickness of the car- composed of a cylindrical casing 2 having openings at 

rier material and has an ozone decomposition catalyst the ends and a plurality of catalyst structures 3 extend- 

supported thereon. ing to radial directions of the casing and disposed paral- 

Further in accordance with the invention, there is lei to each other at intervals in the casing. In FIG. 2 

provided a method of ozone decomposition which com- 45 there is illustrated a reactor 1 which contains a catalyst 

prises putting a gas containing ozone therein into structure 3 composed of porous corrugated nets, plates 

contact with a catalyst structure comprising a thin po- or sheets. A gas containing ozone therein is introduced 

rous carrier material which has many micropores in the from one end of the casing thereinto, and forcibly 

direction of the thickness of the carrier material and has passed through the catalyst structure, to decompose the 
an ozone decomposition catalyst supported thereon, 50 ozone. A so-called cleaned gas is discharged from the 

Other features and advantages of the invention will other end of the casing, 

be apparent from the following description taken in FIG. 3 also illustrates a further embodiment of the 

connection with the accompanying drawings, in which, reactor 1 which is composed of a cylindrical casing 2 

FIG. t is a sectional view of an embodiment of the and a plurality of catalyst structures 3 extending to axial 
ozone decomposition reactor which contains a catalyst 55 directions of the casing and disposed parallel to each 

structure according to the invention; other at intervals in the casing. A gas containing ozone 

FIGS. 2 and 3 are also sectional views of further therein is introduced into the casing, and the gas is 

embodiments of the ozone decomposition reactor passed parallel to the catalyst structure, 

which contains a catalyst structure of the invention; FIG. 4 is a sectional view of the reactor shown in 

FIG. 4 is a section of the reactor shown in FIG. 3 in 60 FIG. 3 in the radial direction wherein corrugated sheets 

the radial direction of the casing; and or plates are used as a catalyst structure. 

FIG. 5 is a diagram for measurement of ozone decom- In accordance with the invention, a further method 

position activity of the catalyst. of ozone decomposition is provided, which comprises: 

The thin porous carrier material used in the invention putting a gas containing ozone therein into contact with 
is composed preferably of a metal such as iron, cobalt, 65 an electrically resistant material while electrifying and 

molybdenum, titanium, zirconium, chromium, silver, heating the electrically resistant material, 

gold, copper, nickel or tin, or an alloy including stain- This method is applicable to the aforedescribed cata- 

less steels, copper alloys, nickel alloys, tin alloys, chro- lyst structure when the carrier material is of an electri- 
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cally resistant material. It is preferred that the electri- stainless steel wire net to substitute iron in part with 

cally resistant material has such an ozone decomposi- platinum or pa n adium , which has ozone decomposition 

tion catalyst as described hereinbefore supported . . . , . , 

thereon. activity, by an electrochemical manner. 

The electrically resistant material used in the inven- 5 3n accordance with the invention, the electrically 

tion is composed preferably of a metal such as iron, resistant net or plate is electrified and heated when a gas 

cobalt, molybdenum, titanium, zirconium, chromium, containing ozone therein is put into contact therewith, 

silver, gold, copper, nickel or tin, or an alloy including Preferably, the gas is forcibly passed through the net or 

stainless steels, copper alloys, nickel alloys tin alloys, { decompose the ozone preferably at elevated 

chromium alloys, or a ceramic material such as silicon 10 r «T . , 

carbide. Among these are preferred stainless steels such temperatures effectively, as hereinbefore described, 

as SUS 430 or 304 from the standpoint of workability, temperature of the electrically resistant material 

resistivity and resistance to ozone, in the reaction is not less than 20* C, more preferably 

The electrically resistant material used is not specifi- not less than 40* C, and most preferably not less than 

cally limited in form, and may be in the form of wire, 15 JQ . c When the reaction temperature is i ess than 20' 

plate, stick, tube or honeycomb. However, it is pre- ~ l* u i j jju • . 

ferred that the electrically resistant material is a net or C ' hl * h vaUncv oxldes P roduced when 020ne IS P ut 

screen or porous plate which has been described herein- mto contact with the catalyst are not decomposed, but 

before. An electrode such as of copper is mounted on accumulate in the catalyst, thereby to decrease the ac- 

the electrically resistant material so that it is electrified 20 tivity of the catalyst and ozone decomposition rate in 

and heated when used in the ozone decomposition reac- the reaction. On the other hand, when an electrically 

U0 ?r t • « - i ^ resistant material having no catalyst supported thereon 

If necessary, the electrically resistant material, prefer- . . , - . * t_, 

ably a net or plate having an ozone decomposition cata- 15 UScd ' the matenal 15 heated P rcferabl V t0 temperatures 

lyst supported thereon, may be further worked or com- 25 of not less than 60 * c > raore preferably to not less than- 

bined together, to have a variety of forms or structures. 100* C. 

In the method of the invention, a gas containing An allowed maximum temperature at which substan- 

ozone therein is put into contact with the electrically tially n0 decrease in ozone decomposition rate in the 

resistant carrier material, preferably in the form of net feaction occufS is detennined b a cata] t used and an 

or screen or plate, having an ozone decomposition cata- 30 . . -« , 

lyst supported thereon, while the electrically resistant amount of ozonc P er UIUt amount of the catalvst ( molec - 

carrier material is electrified and heated. As before set ular weight of ozone Per «n*t time). In the invention 

forth, when the electrically resistant material is used in there is used as an index to determine the allowed maxi- 

such a manner that a gas containing ozone therein is mum temperature, the product of area velocity and 

passed therethrough, it is preferred that the micropores 35 concen tration <ppm) of ozone al an inlet of a reactor, 

are not less than 30 gm in diameter. , . . the product being referred to as CA value hereinafter. 

The catalyst may be supported on a earner material r 

or an electrically resistant carrier material in any man- The area velocit y 15 defmed ™ a volume of a reaclant 

ner. For instance, when a steel wire net or a screen is S as P er unJl time (mVhr) divided by a gas contact area 

used as a carrier material or an electrically resistant 40 per volume of catalyst (m 3 /m 2 ). 

material, the net is heated in the air to form a layer of For instance, when manganese dioxide is used as a 

oxides on the surface of the wire, and an ozone decom- catalyst and a CA valuc of 100 ,000 is employed, the 

position catalyst is supported thereon, Alumina may be , . ta ^ ntt „ a ic r „„j „.u- 

„ j ■ * » allowed maximum temperature is 60 C, and when a 

thermally sprayed on a wire net, and an ozone decom- , rXM _ v tA ^ J 

position catalyst may be supported thereon. Wires of a 45 binar > catalvst of Mn0 2 /Ag 2 0 and a ternary catalyst of 

net may be made porous by solving out in part at the MnCVAg20/Ti02 are used, the allowed maximum 

surface layer, and alumina is supported thereon, and temperatures are 55* C. and 40° C, respectively. When 

then a catalyst may be supported on the alumina. a CA value of 1000 is employed, the allowed maximum 

When an aluminum coated carrier material or an temperatures are 55" C, 50° C. and 35* C, respectively, 

electrically resistant matenal is used, the aluminum is 50 . ... - . . 

r . *j* j j ti_ j with the above mentioned unitary, binary and ternary 

first oxidized, and thereupon an ozone decomposition Jt J 

catalyst may be supported. Alumina may be supported catalysts, 

on a net by an electrophoretic method and thereupon a The ozone decomposition rate is dependent upon an 

catalyst may be supported. When a carrier material or area velocity under fixed reaction temperatures and 

an electrically resistant material is of silicon carbide, it 55 ozone concentrations, but it varies also depending upon 

may be immersed in an aqueous slurry of a catalyst a s material used and hs it mfishes 

material, and dned, to support the catalyst thereon « . . . ■ / . , . 

directly when a net is used, and manners in which the matenal is 

However, the supporting of a catalyst on a carrier deposited in a reactor. More specific description will be 

material or an electrically resistant material should be 60 given in examples. 

interpreted in a broad sense in the invention. Therefore, The structure and method for ozone decomposition 

the following treatments are taken in the invention as 0 f the invention decomposes ozone efficiently over a 

embodiments of supporting a catalyst on a carrier mate- , riod of time whh substantial]y no decrease in 

nal or an electncally resistant matenal. Namely, it is an . . 

embodiment of supporting ferric oxide on a stainless 65 020ne decom PP sltlon rat e. 

steel wire net to heat the net in the air to produce ferric Thc invention will now be desenbed more specifi- 

oxide on the surface of the wire. Further, it is also an cally with reference to examples, but the invention is 

embodiment of supporting platinum or palladium on a not limited thereto. 
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had a height of 2.5 mm and a pitch of 4.0 mm; and a 
EXAMPLE 1 length of 70 mm in the axial direction of the casing and 

Ozone Decomposition with Catalyst Reactors Provided a width of 30 mm. Thus, the reactor had a gas contact 
With Porous Carriers Having Catalysts Supported area of about 1200 m 2 /m 3 per unit volume. 

There ° n 5 COMPARATIVE EXAMPLE 1 

A. Preparation of Catalyst Structures . fi . ^ r „,„ M > 

r A honeycomb structure of ceramic fiber corrugated 

EXAMPLE 1 sheets having a gas contact area of about 1200 mVm 3 

SUS screens of 50 meshes (wire diameter of 200 jadi, per unit volume (Honeycle by Nichiasu K.K.) was im- 

wire distance of 300 jim) were cut to a size of 30 10 mersed in the same slurry as in the Example 4, air dried 

mmx30 mm. at 50° C, and heated at 100° C. for eight hours, to pro- 

An amount of 500 g of manganese dioxide having a vide a catalyst structure, 

specific surface area of 32 m 2 /g and micropores of 50 The catalyst structure was placed in a Pyrex tube 

jim average pore size and 100 g of silica sol (Snowtex N with ceramic fibers as a sealant, to provide a reactor, 

by Nissan Kagaku Kogyo K.K ) were fully mixed to 15 Measuremenl of 0zone Decomposition Rate 

provide a slurry of a concentration of 100 g/1. r 

The screens were immersed in the slurry, air dried at Ozone decomposition rate was measured with the 

50° C. and heated at 100" C. for eight hours, to provide catalyst reactors manufactured in the Examples 1-4 and 

catalyst structures having Mn02 supported thereon. Comparative Example 1 as illustrated in FIG. 5, in 

Seven of the screens thus treated were deposited 20 which, air was introduced into an ozone generator 11 to 

parallel in a cylindrical casing to extend in the radial generate air containing ozone in an appropriate concen- 

direction of the casing with a distance of 70 mm be- tration. The air was then sent to the catalyst reactor 12 

tween the first and the last screen to form a catalyst to catalytically decompose the ozone in the reactor, 

reactor. The reactor had a gas contact area of 100 The ozone concentration in the air was determined with 

m 2 /m 3 per unit volume. 25 an ozone analyzer 13 at the inlet and the outlet of the 

EXAMPLE 2 reactor. Ozone decomposition rate (%) is calculated 

based on the expression: 

An amount of 500 g of manganese dioxide/silver 
oxide (80/20 in a weight ratio) coprecipitate having a 

specific surface area of 59 m 2 /g and micropores Of 30 30 Ozone Concentration _ Orone Concentration 

fun in average pore size and 100 g of silica sol (Snowtex ^ ConcenIration 1 * ™ (*)■ 

N by Nissan Kagaku Kogyo K.K.) were fully mixed to 

provide a slurry of a concentration of 100 g/1. The react j on was carried out at a temperature of 20° 

The same screens as in the Example 1 were treated c. with an ozone concentration at the inlet of the reac- 

with the slurry in the same manner as in the Example 1, 35 tor of 0 2 ppm and an area velocity of 10 mVm 2 . The 

to provide catalyst structures having a binary catalyst reS ults are shown in the Table 1. 

of Mn02/Ag20 supported thereon. 

The screens thus treated were deposited in the same 1 

manner as in the Example 1, to form a reactor. 

40 

EXAMPLE 3 



Ozone Decomposition 
Rates (%) 


Example I 


88.5 


Example 2 


90.7 


Example 3 


91.8 


Example 4 


87.1 


Comparative 1 


75.3 



An amount of 500 g of manganese dioxide/titanium 
dioxide/silver oxide (70/20/10 in a weight ratio) copre- 
cipitate having a specific surface area of 52 m 2 /g and 
micropores of 30 fim in average pore size and 100 g of 45 
silica sol (Snowtex N by Nissan Kagaku Kogyo K.K.) 

were fully mixed to provide a slurry of a concentration EXAMPLE II 

of J.? 0 g/1 * . c it ♦ o«* a Ozone Decomposition with Catalyst Reactors Provided 

The same screens as in the Example 1 were : treated ^ H ^ 0f Nq 

with the slurry in the same manner as in the Example 1, 50 Catalysts 
to provide catalyst structures having a ternary catalyst 

of Mn02/Ti02/Ag20 supported thereon. Supported Thereon While Electrifying the Material 

The screens thus treated were deposited in the same Example 1 

manner as in the Example 1, to form a reactor. p 

55 SUS screens of 50 meshes (wire diameter of 200 jxm, 

EXAMPLE 4 wire distance of 300 u*n) were cut to a size of 30 

SUS thin plates of 100 /im thickness which had alumi- mmx35 mm, and. electrodes were mounted on the 

num plated thereon in about 10 u,m thickness was longer sides. 

formed into corrugated plates. The plate was heated in Seven of these screens thus prepared were deposited 

air at 900° C. for one hour, to produce alumina on the 60 parallel in a cylindrical casing to extend in the radial 

surface. direction of the casing with a distance of 70 mm be- 

The plates were then treated in the same manner as in tween the first and the last screen to form a catalyst 

the Example 3 to provide catalyst structures having a reactor. The reactor has a gas contact area of 100 

ternary catalyst of Mn02/Ti02/Ag20 supported m 2 /m 3 per unit volume. 

th ^f on - A . . „ . 65 Example 2 

The plates were deposited parallel in a casing to ex- ... 

tend in the axial direction of the casing as illustrated in An amount of 500 g of manganese dioxide having a 

FIGS. 3 and 4, to form a reactor. The corrugated plates specific surface area of 59 m 2 /g and micropores of 30 
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35 



20 



25 



jim in average pore size and 100 g of silica sol (Snowtex 
N by Nissan Kagaku Kogyo K. K.) were fully mixed to 
provide a slurry of a concentration of 100 g/1. 

The same screens as in the Example 1 were treated 
with the slurry in the same manner as in the Example 1 , 
to provide catalyst structures having a catalyst of man- 
ganese dioxide supported thereon. 

The screens thus treated were deposited in the same 
manner as in the Example 1, to form a reactor. 

Example 3 

An amount of 500 g of Mn02Ag20 (80/20 in a weight 
ratio) coprecipitate having a specific surface area of 59 
mVg and micropores of 30 /-tm in average pore size and 
100 g of silica sol (Snowtex N by Nissan Kagaku Kogyo 
K. K.) were fully mixed to provide a slurry of a concen- 
tration of 100 g/1. 

The same screens as in the Example 1 were treated 
with the slurry in the same manner as in the Example 1, 
to provide catalyst structures having a binary catalyst 
of Mn02/Ag20 supported thereon. 

The screens thus treated were deposited in the same 
manner as in the Example 1, to form a reactor. 

EXAMPLE 4 

An amount of 500 g of Mn02/Ti02/Ag 2 0 (70/20/10 
in a weight ratio) coprecipitate having a specific surface 
area of 52 mVg and micropores of 30 jim in average 
pore size and 100 g of silica sol (Snowtex N by Nissan 30 
Kagaku Kogyo K. K.) were fully mixed to provide a 
slurry of a concentration of 100 g/1. 

The same screens as in the Example 1 were treated 
with the slurry in the same manner as in the Example 1 , 
to provide cayalyst structures having a ternary catalyst 35 
of Mn02/Ti02/Ag20 supported thereon. 

The screens thus treated were deposited in the same 
manner as in the Example 1, to form a reactor. 

Example 5 40 
SUS thin plates of 100 a thickness which had 
aluminum plated thereon in about 10 /im thickness were 
formed into corrugated plates. The plates were heated 
in air at 900* C. for one hour, to produce alumina on the 
surface. 

The plates were then treated in the same manner as in 
the Example 4 to provide catalyst structures having a 
ternary catalyst of Mn02/Ti02/Ag20 supported 
thereon. 

The corrugated plates were deposited in a casing as 
illustrated in FIGS. 3 and 4, to form a reactor. The 
corrugated plates had a height of 2.5 mm and a pitch of 
4.0 mm, and a length of 70 mm in the axial direction of 
the casing and a width of 30 mm. Thus, the reactor had 55 
a gas contact area of about 1200 m 2 /m 3 per unit volume. 



45 



50 







TABLE 2 






Temperature Ozone 






of Carrier 


Concentration 






jYiaicnuj 








\ ) 


\ppm) 


CA Values** 


Example 1 


50 


100 


1000 




60 


100 


1000 




70 


100 


1000 


Example 2 


20 . 


1000 


1000 






500 


5000 






1000 


10000 




30 


100 


1000 






500 


5000 






1000 


10000 




50 


100 


1000 






500 


5000 






1000 


10000 


Example 3 


30 


1000 


10000 




40 


1000 


10000 




50 


1000 


10000 


Example 4 


30 


1000 


1 0000 




40 


1000 


10000 




^ 


1000 


10000 


Example S 


30 


1000 


10000 




40 


1000 


10000 




50 


1000 


10000 






Ozone Decomposition Rate 






After 








100 hours 






Initial 


(%) 


1000 hours 


Example 1 


87.3 


12.4 


5.1 




92.5 


64,1 


27.7 




96.3 


95.4 


95.1 


Example 2 


84.8 


49.7 


10.3 




81.3 


37.4 


9.1 




78.4 


31.0 


8.5 




90.4 


62.9 


22.2 




86.9 


50.8 


14.5 




80.1 


35.0 


8.8 




96.9 


96.5 


96.7 




92.0 


87.5 


67.5 




88.1 


80.7 


48.3 


Example 3 


98.6 


95.3 


47.2 




99.9 


99.5 


90.3 




100 


100 


97.2 


Example 4 


98.3 


94.9 


77.6 




99.6 


98.4 


94.9 




100 


100 


too 


Example S 


.98.3 


94.9 


74.0 




99.6 


98.4 


96.1 




100 


100 


100 



B. Measurement of Ozone Decomposition Rate 

Ozone decomposition rate was measured with the 
catalyst reactors manufactured in the Examples 1-5 in ^ 
the same manner as in the Example I, at a temperature 
of 20*-70* C. (by electrifying to heat electrically resis- 
tant carrier material when needed) with varied ozone 
concentrations at the inlet of the reactor and area veloc- 
ities so that CA values were in the range of 100-10,000. 65 
The ozone decomposition rate was measured at the 
initial stage, after 100 hours and 1000 hours, respec- 
tively. The results are shown in the Table 2. 



• f ppm • mVm 3 • br 

EXAMPLE II 

Ozone Decomposition with Catalyst Reactors Provided 

With Porous Materials Having Catalysts or No 
Catalysts Supported Thereon While Electrifying the 
Material 

Example 1 

SUS thin plates of 500 u.m thick were cut to a size of 
70 mmx35 mm, and electrodes were mounted on the 
longer sides. 

Six of these plates were deposited parallel in a cylin- 
drical casing to extend in the axial direction of the cas- 
ing with a distance of 5 nun therebetween, as illustrated 
in FIG. 3, to form a reactor. The reactor had a gas 
contact area of 100 m 2 /m 3 per unit volume. 

EXAMPLE 2 

An amount of 500 g of manganese dioxide having a 
specific surface area of 32 mVg and micropores of 50 
u,m in average pore size and 100 g of silicasol (Snowtex 
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N by Nissan Kagaku Kogyo K. K;) were fully mixed to 
provide a slurry of a concentration of 100 g/1. 

The same plates as in the Example 1 were heated in 
air at 500° C for one hour, and then were immersed in 
the slurry, air dried at 50° C. and heated at 100° C. for 
eight hours, to provide catalyst structures having man- 
ganese dioxide supported thereon. 

The catalyst structures were then deposited in the 
same manner as in the Example I, to form a reactor. 

EXAMPLE 3 

An amount of 500 g of MnCh/Ag20 (80/20 in a 
weight ratio) coprecipitate having a specific surface 
area of 59 m 2 /g and micropores of 30u.m in average 
pore size and 100 g of silica sol (Snowtex N by Nissan 15 
Kagaku Kogyo K.K.) were fully mixed to provide a 
slurry of a concentration of 100 g/1. 

The same plates as in the Example 1 were heated in 
air at 500° C. for one hour, and then were immersed in 
the slurry, air dried at 50° C. and heated at 100* C. for 
eight hours, to provide catalyst structures having a 
binary catalyst of Mn02/Ag20 supported thereon. 

The catalyst structures were then deposited in the 
same manner as in the Example 1, to form a reactor. 

EXAMPLE 4 

An amount of 500 g of MnO^iOi/Ag^O (70/20/10 
in a weight ratio) coprecipitate having a specific surface 
area of 52 m 2 /g and micropores of 30 /im in average 
pore size and 100 g of silica sol (Snowtex N by Nissan 
Kagaku Kogyo K. K.) were fully mixed to provide a 
slurry of a concentration of 100 g/1. 

The same plates as in the Example 1 were heated in 
air at 500' C. for one hour, and then were immersed in 
the slurry, air dried at 50° C. and heated at 100° C. for 
eight hours, to provide catalyst structures having a 
ternary catalyst of Mn02/Ti02/Ag20 supported 
thereon. 

The catalyst structures were then deposited in the 
same manner as in the Example 1, to form a reactor. 

Example 5 

SUS wires of 2 mm in diameter which had aluminum 
thermally sprayed thereon in about 10 /im thickness 
were heated in air at 900* C. for one hour, to produce 
alumina on the surface. 

The wires were treated in the same manner as in the 
Example 4 to provide catalyst structures having a ter- 
nary catalyst of Mn02/Ti02/Ag2O supported thereon. 

The wires were arranged parallel in a casing to ex- 
tend in the axial direction of the casing at intervals of 5 
mm, as illustrated in FIG. 3, to form a reactor. The 
effective length in total of the wires was 175 mm, so that 
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TABLE 3-continued 



20 



25 



30 



35 





60 


100 


1000 




70 


100 


1000 


Example 2 


20 


1000 


1000 






500 


5000 






1000 


10000 




30 


too 


1000 






500 


5000 






1000 


10000 




50 


100 


1000 






500 


5000 






1000 


10000 


Example 3 


30 


1000 


10000 




40 


1000 


10000 




50 


1000 


10000 


Example 4 


30 


1000 


10000 




40 


1000 


10000 




50 


1000 


10000 


Example 5 


30 


1000 


10000 




40 


1000 


10000 




50 


1000 


10000 


Ozone Decomposition Rate 








After 






100 hours 






Initial 




1000 hours 


Example 1 


47.5 


6.4 


2.6 




72.6 


40.1 


15.0 




80.8 


78.6 


78.8 


Example 2 


61.0 


29.1 


5.4 




56.8 


21.3 


4.8 




53.5 


24.3 


6.8 




69.0 


39.1 


11.8 




63.8 


29.9 


7.5 




55.3 


19.4 


4.5 




82.4 


82.8 


82.2 




71.7 


64.6 


43.0 




65.5 


56.1 


26.1 


Example 3 


8S.4 


78.3 


27.3 




96.8 


92.9 


68.9 




98.2 


98.2 


98.4 


Example 4 


87.0 


76.8 


52.7 




93.6 


87.4 


77.4 




99.5 


99.4 


99.5 


Example 5 


47.0 


37.4 


9.0 




53.7 


47.3 


40.3 




55.2 


55.0 


55.0 



40 



45 



50 



*'ppn> ■ mVm- • hr 

What is claimed is: 

1. A method of decomposing ozone, comprising con- 
tacting a gas containing ozone with a porous carrier 
sheet having an ozone decomposition catalyst sup- 
ported thereon, said porous carrier sheet composed of 
an electrically-resistant material having a plurality of 
micropores not less than 30 ftm in diameter in the direc- 
tion of thickness of the sheet, while electrifying and 
heating the electrically-resistant material. 

2. A method as recited in claim 1, wherein the gas 
containing ozone is passed through the porous carrier 
sheet. 

3. A method as recited in claim l t wherein the gas 



the reactor had a gas contact area of about 17.5 mVm' „ is P»**d along the porous carrier 



per unit volume. 

B. Measurement of Ozone Decomposition Rate 
Ozone decomposition rate was measured with the 



4. A method as recited in claim 1, wherein the electri- 
cally-resistant material is in the form of a screen. 

5. A method as recited in claim 1 , wherein the electri- 

_ _ r . . - „. c , . c . cally-resistant material is in the form of a corrugated 

reactors manufactured in the Examples 1-5 in the same <m „«u 

. . _ ... v , Art0 , rt „ w screen, mesh or plate. 



manner as in the Example II at a temperature of 20' 
C. The results are shown in the Table 3. 

TABLE 3 



Temperature 
of Carrier 
Material 
<*C.) 



Ozone 
Concentration 
at Inlet 

(ppm) 



65 



CA Values*' 



Example 1 



50 



100 



1000 



6. A method as recited in claim 1, wherein the electri- 
cally-resistant material is metal or ceramic. 

7. A method as recited in claim 6, wherein the metal 
is stainless steel. 

8. A method as recited in claim 1, wherein the electri- 
cally-resistant material is heated to a temperature up to 
70* C. 

***** 
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